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Cell selection, characterization and regeneration of chlorsulfuron-resistant variants in asparagus 
by 
Dharshini Ganeshan 
This thesis reports the cell culture establishment and a somatic cell selection system optimized for the 
isolation of chlorsulfuron-resistant variants in asparagus (Asparagus officina/is L.). The development of 
this cell selection system benefited the isolation of chlorsulfuron-resistant variants from an elite 
asparagus genotype. 
A cell culture system, suitable for somatic cell selection, was established for asparagus genotype CRD 
168. Friable callus was initiated from etiolated shoots in darkness and used to produce a high 
density of single cells in suspension. Cell density was estimated based on a linear relationship with 
settled cell volume. A mean plating efficiency of 0.19 % was recorded between 1-4x105 cells/Petri 
dish. 
In vitro cell selection techniques were developed to identify mutant asparagus cells with resistance to a 
sulfonylurea herbicide, chlorsulfuron. A few key aspects were important to achieve this: a cell culture 
system for cell selection was initially established; a toxic concentration for the complete growth 
inhibition of the wild type asparagus cells was defined; rare, resistant cell colonies were isolated and 
characterized; and chlorsulfuron-resistant plants were regenerated. From about 50 million cells, 165 
cell colonies were isolated in the presence of 8 nM chlorsulfuron. Characterization of these selected 
cell colonies yielded 24 escapes, 98 unstable variants, and 43 stable-resistant variants. Callus cultures 
from 34 of these stable variants retained resistance following 11 months growth in the absence of the 
selection agent. Plants were regenerated from 36 of these stable herbicide-resistant variants. 
Six of these chlorsulfuron-resistant variants were screened for their degree of resistance to 
chlorsulfuron, cross resistance to other acetohydroxyacid synthase (AHAS) inhibiting herbicides and 
AHAS enzyme activity. Cross resistance to imazamox was evident in four of the resistant variants, 
while lack of cross resistance to metsulfuron methyl was observed in all six resistant variants. A 
varying degree of resistance to chlorsulfuron was observed among the resistant variants. Both in the 
original and secondary callus, an uninhibited AHAS enzyme activity in all six resistant variants was 
recorded in the presence of high chlorsulfuron concentration (70-140 nM), compared to the total 
inhibition in the wild type. 
One chlorsulfuron-resistant variant, R-45, was used to compare the biochemical and physiological basis 
of resistance with the wild type. The AHAS enzyme activity in the tissue culture and greenhouse foliage 
of R-45 was significantly higher in the presence of up to 280 nM chlorsulfuron compared with the wild 
type. Chlorsulfuron retention was considerably higher due to the reduction of epicuticular wax 
deposits on the foliage of R-45, in comparison with the wild type. Consequently, the resistant line 
absorbed at least 1.6 fold more chlorsulfuron than the wild type plants. Therefore, foliar application of 
15 g a.i./ha Glean (commercial formulation of chlorsulfuron) produced typical symptoms of chlorosis in 
R-45, similar to the wild type, in the greenhouse plants. 
Somatic cell selection was carried out using two elite asparagus genotypes, CRD 74 and Clone X. Of 
the 33 rare cell colonies isolated from Clone X, 22 unstable variants and 6 escapes were discarded. All 
five remaining resistant variants produced plants. One of the stable-resistant variants (Clone X-24) was 
evaluated for resistance to chlorsulfuron. Both in vitro shoot cultures and greenhouse-grown plants of 
Clone X-24 showed increased resistance to chlorsulfuron compared with the wild type. The AHAS 
enzyme activity in the foliar extracts also showed the presence of higher enzyme activity in Clone X-24. 
Keywords: AHAS enzyme, AHAS inhibitors, Asparagus officinalis L., cell culture, cell plating, chlorsulfuron, cross 
resistance, elite genotypes, herbicide resistance, resistant variants, somatic cell selection, sulfonylurea. 
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CHAPTER I 
literature review 
1.1. General introduction 
Asparagus was first mentioned as a vegetable crop in a French monastery in the eleventh century. 
The origin of asparagus was near the Mediterranean Sea (Ehlert and Seeling, 1966) and it was 
introduced to Central Europe by the Romans. Asparagus belongs to the family Liliaceae, which-
accommodates over 150 genera. The majority of the cultivated plants in these genera are 
ornamentals, grown for their attractive foliage. Asparagus officina/is L. is the only species cultivated as 
a vegetable crop from the Asparagus genus (Bailey, 1942) and is grown in many parts of the world 
including Europe, Asia, Australia, USA and New Zealand (Reuther, 1984). The Greeks started 
cultivating asparagus as a luxury vegetable crop and it is still referred to as "the king of all vegetables" 
(Kidner, 1959). 
Asparagus is adapted to temperate regions where a winter season allows a dormant period. It is well 
adapted to high seasonal temperature variations. Deep, loose, reasonably stone-free, sandy loam 
soils with pH about 6.5 are best suited to the cultivation of this crop (Keller, 1982). The first 
asparagus harvest usually occurs in the spring of the third year from crown planting with a potential 
yield ranging from 1000-1500 kglha (Bruno, 1984). 
Routine cultivation practices include irrigation, fertilizer application, gap filling and plant protection. 
Asparagus fields are often exposed to weed infestation, similar to most of the Liliaceae family 
members, because the upright growing nature of the spears does not offer a good coverage of the 
ground. Weed competition for light, nutrients and moisture greatly reduce the vigour and the yield 
of asparagus in the following year. Although cultivation practices such as mulching, hoeing and 
tillage are carried out to control weeds, they are difficult to use effectively and increase the 
production risk to the growers (Gebhardt et al., 1985; Wilcox-Lee, 1989). 
Asparagus has been cultivated in New Zealand for local consumption since early European 
settlement. Over 2500 ha is under asparagus cultivation with an average yield of 2000-3000 kglha 
(McCormick and Thomsen, 1995). Satisfactory weed control throughout the growing season is 
difficult in asparagus crops, especially in the high rainfall areas in New Zealand (Rahman and 
Saunders, 1996). Most of asparagus crops are infeSted with broad leaf weeds and many warm zone-
C4 grass weeds in summer (Table 1.1). 
Table 1.1. Weed flora predominantly found in New Zealand asparagus fields during different 
seasons. 
Summer 
Broad leaf weeds 
Willow weed (Polygonum persicaria) 
Redroot (Amaranthus powellii) 
Black nightshade (Solanum nigrum) 
Fathen (Chenopodium album) 
Wild portulaca (Portulaca oleracea) 
Narrow leaf weeds 
Summer grass (Digitaria sanguinalis) 
Smooth witchgrass (Panicum dichotomiflorum) 
Barnyard grass (Echinochloa crusgalli) 
After Rahman and Saunders (1996) 
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Winter 
Twin cress (Coronopus didymus) 
Chickweed (Stellaria media) 
Hawkbit (Leonton taraxacoides) 
Narrow leaf plantain (Plantago lanceo/ata) 
Sow t~istle (Sonchus oleraceus) 
Mouse-ear chickweed (Cerastium glomeratum) 
Annual poa (Poa annual 
Asparagus is a crop noted for its sensitivity to high doses of herbicides. However, like all other 
agricultural crops, asparagus production has become reliant on the use of agrochemicals to reduce 
losses to the yield and quality. Both pre- and postemergence herbicides are used to reduce weed 
competition in asparagus cultivation (Folwell et al., 1997). 
Over the years, use of herbicides has increased dramatically because of modern agricultural practices 
including no-tillage farming, mono-cropping and mechanization. The range of herbicides available 
for the control of weeds is extensive. The main . drawback that limits the use of these chemical 
compounds is that, in some occasions, they adversely affect the crop that they are supposed to 
protect. The understanding of plant species and their varying response to herbicides introduced the 
concept of selectivity of herbicides. This phenomenon provided a guide for developing herbicide 
resistance in plants. 
Resistance is sought to herbicides that are effective on a wide range of weeds, inexpensive and 
preferably with low adverse impacts on the environment. Development of new herbicides to control 
weeds in specific minor crops does not appear economic due to the low extent of cultivation 
compared to crops like cereals, corn and soybean (Conner and Field, 1995). Therefore, selecting 
herbicide-resistant asparagus is a less expensive alternative than developing new herbicides to control 
weeds adequately in this crop. 
This thesis investigates the development of asparagus plants with resistance to a sulfonylurea 
herbicide, chlorsulfuron, using somatic selection in cell culture. 
3 
--;---."<. 
1.2. Sulfonylurea herbicides 
Sulfonylureas are an important class of herbicides with broad spectrum of crop selectivity, highly 
potent and with favourable environmental and toxicity profiles (Moberg and Cross, 1990). They 
inhibit plant root and shoot growth through a rapid inhibition of cell division. Symptoms of 
sulfonylurea phytotoxicity include severe chlorosis and necrosis in plants, few to several days after the 
application (Ray, 1989). 
1.2.1. Site of action 
A major breakthrough in identifying the target site of action of the sulfonylureas came from studies 
involving microorganisms. Since microorganisms and higher plants share a number of common 
biochemical pathways, La Rossa and Schloss (1984) used this approach to discover the site of action 
of sulfonylurea herbicides. The initial experiment revealed that sulfometuron methyl inhibited the 
growth of a wild type Salmonella typhimurium in the presence of valine which was reversed only by 
the addition of isoleucine. This effect was later explained by these authors that Salmonella 
typhimurium expressed only the AHAS isozyme II, which was sulfonylurea sensitive and valine 
insensitive. Among the three branched-chain amino acids, isoleucine was very effective in reversing 
sulfonylurea inhibition (La Rossa and Schloss, 1984). A series of experiments following this 
investigation revealed that the target site of sulfometuron .methyl was the enzyme acetohydroxyacid 
synthase (AHAS) or acetolactate synthase (ALS) (EC 4.1.3.18). 
AHAS is the first enzyme common to the biosynthesis of branched-chain amino acids, leucine, 
isoleucine and valine in higher plants, bacteria and yeast. AHAS catalyzes the condensation of two 
molecules of pyruvate to CO2 and a-acetolactate which leads to the synthesis of valine and leucine, 
as well as the condensation of one molecule of pyruvate and threonine to form CO2 and a-
4 
ketobutyrate (Figure 1.1). AHAS binds to different inhibitors of diverse structure due to the 
relationship between AHAS enzyme and the pyruvate molecule (Schloss et al., 1988). Sulfonylurea 
herbicides are slow, tight-binding inhibitors of the plant AHAS enzyme (Ray, 1986). Sulfonylurea 
and other AHAS inhibiting classes of herbicides, compete for the same site of AHAS extracted from 
bacteria (Schloss et al., 1988). Thus, mutations in the AHAS gene have the potential of affecting the 
binding of single or selected AHAS inhibitors. A number of investigations were initiated to 
characterize the molecular and genetic details of AHAS inhibition following the identification of the 
site of action of sulfonylurea herbicides. Ray (1984) established that a similar site of action existed in 
higher plants. The activity of AHAS enzyme in partially purified extracts from pea shoots was strongly-
inhibited by chlorsulfuron. Moreover, genetic evidence showed that AHAS enzyme was the site of 
action of sulfonylurea herbicides. Chaleff and Ray (1984), using cell culture selection techniques 
regenerated mutant tobacco plants containing a single, semi-dominant nuclear gene that conferred 
resistance to chlorsulfuron. The mutant plant, which possessed an altered form of the AHAS 
enzyme, was less sensitive to chlorsulfuron. 
Biochemical and genetic studies mentioned above proved that the primary target site of action of the 
sulfonylureas is the AHAS enzyme (Ray, 1984; Chaleff and Mauvais, 1984). This suggests that 
sulfonylurea interferes with a basic cellular function and therefore it is eminently suitable to select 
resistant cell lines in vitro as their target site is at the enzyme level (Ray, 1982). Although there is 
ample evidence for AHAS as the site of action of the sulfonylurea herbicides, little is known about the 
exact reason for the direct effect of cell death due to the inhibition of AHAS enzyme (Boger and 
Sandmann, 1989). An inhibition of protein synthesis due to the depletion of amino acids is an 
obvious explanation. However, other mechanisms may also be involved. This may include the build 
up of AHAS precursors such as a-keto butyrate, which is toxic to cells (Van Dyk and La Rossa, 1986). 
Four classes of herbicides are now recognized as being AHAS inhibitors: the sulfonylureas (Sauers 
5 
and Levitt, 1984); imidazolinones (Los, 1984); triazolopyrimidines (Kleschick et al., 1990) and 
pyrimidinyl thiobenzoates (Takahashi et al., 1991). 
Different AHAS isozymes are responsible for sensitivity and insensitivity to AHAS inhibiting 
herbicides. There are about six AHAS isozymes in microorganisms which differ in their sensitivity to 
AHAS inhibitors and the feedback inhibition by branched-chain amino acids (Schloss et al., 1988). 
For example, in Salmonella typhimurium, sulfonylureas inhibited the synthesis of the branched-chain 
amino acids by inhibiting AHAS isozyme II, however, AHAS isozyme I was insensitive to these 
herbicides (LaRossa and Schloss, 1984; La Rossa arid Smulski, 1984). Chaleff and Bascomb (1987) 
observed two isozymes in tobacco, which were very difficult to separate by chromatographic 
techniques. These isozymes may have been very similar to each other and expressed at the same 
level within plants. A pure form of AHAS enzyme has not been extracted yet, as the enzyme is not 
very stable and exists in a very low quantity in plants. Therefore, studies of this nature are limited in 
higher plants (Boger and Sandmann, 1989). 
Threonine Pyruvate Pyruvate 
~YdroXyacid synthase (AHAS)i----_->o..L 
CI.-Ketobutyrate CI.-Acetolactate 
t 
CI.-Acetohydroxybutyrate 
Valine 
CI.,P-Dihydroxy-p-methylvalerate 
t 
CI.-Keto-p-methylvalerate --------:»~ Isoleucine 
Leucine 0( 
CI.-P-Dihydroxy-
isovalerate 
K{' I CI.- etolsova erate 
t 
CI.-Isopropylmalate 
t 
P-lsopropylmalate 
t 
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Figure 1.1. Pathway for the biosynthesis of branched-chain amino acids 
(After Cobb, 1992) 
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1.2.2. Mechanism of sulfonylurea resistance 
Sulfonylureas are pre- and postemergence herbicides with field use rate as low as 5 g a.i./ha (Tomlin, 
1994). Chlorsulfuron, one of the first commercialized sulfonylurea herbicides, controls most of the 
broad leaf weeds and some grasses in wheat (Levitt, 1983). Natural crop selectivity is generally based 
on the differential metabolism of specific sulfonylureas (Beyer et al., 1988). Some resistant weed 
biotypes appear to behave in a similar manner by forming non-toxic metabolites (Sweetser et al., 
1982; Christopher et al., 1991; Cotterman and Saari, 1992). Differential absorption or translocation 
of AHAS inhibiting herbicides has not been identified as a major factor contributing to herbicide-
resistance in crops selected for AHAS inhibitor resistance. Similarly, in weeds, the difference in non-
target site resistance was too small to account for the differential sensitivity compared to sulfonylurea 
metabolism (Eberlein et al., 1989). AHAS over-expression due to increased gene expression is not 
often identified in plan1:£ selected for AHAS inhibitor resistance. This is a rare mechanism of 
resistance reported in cell cultures of tobacco (Harms et al., 1992) and carrot (Caretto et al., 1994). 
In mutants selected for sulfonylurea resistance, the basis of resistance is the altered sensitivity in the 
AHAS enzyme (Chaleff and Mauvais, 1984). Resistance at the site of action is usually based on point 
mutation(s) resulting in amino acid substitution in target protein. The frequency of these mutations in 
a plant population is unpredictable (Warwick, 1991). It may vary across the species and among the 
genes encoding for different proteins. 
A number of resistant plants have been isolated with resistance to chlorsulfuron including: tobacco 
(Chaleff and Ray, 1984); Arabidopsis thaliana ( Haughn and Somerville, 1986) rapeseed Ossaka et al., 
1993); flax Uordan and McHughen, 1987) and soybean (Sebastian et al., 1989). In these crops, 
increased resistance level of the mutants was due to the mutation of the AHAS gene resulting in an 
insensitivity of the AHAS enzyme to chlorsulfuron. 
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Comparative analysis of AHAS gene sequences in various resistant and wild type organisms, including 
plants, has revealed the presence of several mutations occurring at different loci which involved the 
substitution of various amino acids (Hartnett et al., 1990). Both cloned bacterial and yeast genes 
were used to determine the molecular basis for the resistance to sulfonylureas. Isolation and 
sequencing of yeast genes revealed that there were 41 mutations due to 24 different amino acid 
substitutions that occurred at 10 different loci (Falco et al., 1989). Chaleff and Bascomb (1987) 
observed that there were two AHAS genes in tobacco encoded by two unlinked loci. Lee et al. 
(1988) reported that one sulfonylurea-resistant tobacco line showed mutation in amino acid position 
196 from a proline to glutamine, whereas the other resistant line coded for a point mutation to-
alanine substitution at the analogous position, as well as a leucine for tryptophan at amino acid 
position 568. Weeds are no exception for becoming resistant to AHAS inhibitors due to specific 
mutation in the AHAS molecule (Guttieri et al., 1992). Although the proline mutation is reported to 
be common in weeds, other mutations may also occur for selection by AHAS inhibitor herbicides in 
the field (Saari et al., 1994). 
1.2.3. Cross resistance 
Sulfonylureas are slow, tight-binding, uncompetitive inhibitors of plant AHAS enzyme (Ray, 1986). 
These structurally diverse inhibitors have overlapping, non-overlapping or both overlapping and non-
overlapping binding sites in the AHAS enzyme. When the same domain binds to different AHAS 
inhibitors, cross resistance would be expected. For instance, a resistant mutation that changes a 
binding site common to more than one sulfonylurea herbicide may result in cross resistance. 
Cross resistance to additional sulfonylurea herbicides has been reported in tobacco (Mazur and 
Falco, 1989; Harms et al., 1992), soybean (Sebastian et al., 1989), sugarbeet (Hart et al., 1992) and 
flax (McHughen and Holm, 1991). Based on the target site sensitivity change(s) at the binding sites, 
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cross resistance to other AHAS inhibiting herbicides such as imidazolinones is not an unexpected 
phenomenon. A sulfonylurea (cinisulfuron)-resistant tobacco line was cross-resistant to other 
sulfonylureas (sulfometuron methyl, chlorsulfuron and triasulfuron) and also to an imidazolinone 
herbicide (imazaquin) (Harms et al., 1992). Conversely, an imidazolinone-resistant mutant can 
exhibit cross resistance to sulfonylurea herbicides, as reported by Newhouse et al. (1989) in maize. 
Apart from the different combinations of cross resistance given above, resistant mutants have 
generally shown lack of cross resistance to the same AHAS inhibiting class of herbicide (Hart et al., 
1992; Newhouse et al., 1989). 
Negative cross resistance is obseNed when herbicides, other than the one to which the plant has 
developed resistance show more toxicity in the resistant plants than the susceptible wild type. This 
type of negative cross resistance is usually seen in atrazine-resistant weeds (Gressel and Segel, 1990), 
but not been reported in AHAS inhibitor resistant plants. Although, there is evidenc€ for multiple 
resistance (resistance to a number of unrelated herbicides) particularly in weeds, so far, no records 
have been obseNed for AHAS mutants or weed biotypes with multiple resistance. However, 
multiple resistance to two or more structurally unrelated AHAS inhibiting herbicides could be 
obtained by combining separate mutations each of which individually confer resistance to a single 
class of herbicide. 
1.3. Strategies used to develop herbicide-resistant crops 
1.3.1. Conventional breeding 
Screening cultivars to detect different responses to herbicides has been carried out in many species, 
often with the primary objective of detecting a cultivar to which the herbicide could be safely 
applied. Polymorphism in response to herbicides is a useful source of variability for the selection of 
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plants exhibiting phenotypic and or genetic variation. Traditional breeding programmes are 
simplified when the herbicide tolerance is inherited in a qualitative manner rather than quantitative. 
Darmency (1994) showed that, in both weeds and crop plants, herbicide resistance was often due to 
alteration in a single gene, which makes the breeding programme straightforward and reduces the 
time frame to develop herbicide-resistant cultivars (McGuire and Thurling, 1988). An example of 
successful traditional breeding for herbicide resistance was the transfer of atrazine resistance from 
Brassica campestris to other Brassica species such as canola, rapeseed and broccoli (Beversdorf et al., 
1980; Souza Machado, 1982; Souza Machado and Hume, 1987). The triazine-resistant canola 
however, showed significant reduction in yield and quality (Rubin, 1991). 
Conventional breeding usually involves an extensive screening of a large number of plants, which 
requires a considerable amount of time for the selection and backcrossing. Even the introduction of 
wide range of exotic germplasm is constrained by lack of recombination with the host genotype. A 
common practical problem associated with conventional breeding programme is the handling of 
large plant populations in the field that leads to lack of uniform exposure to the selection pressure 
and difficulties in assessing quantitative effects contributed by numerous genes. 
1.3.2. Plant and seed mutagenesis 
Studies on induced mutations have offered a large contribution to genetics and therefore, considered 
as an important tool in plant breeding. Weed biotypes with herbicide resistance dearly show the 
involvement of mutation in the natural situations. 
Seeds are the common plant material used for mutagenesis as they can be dried to become 
biologically inert for easy handling under controlled environments (Nilan et al., 1961). Alkylating 
agents such as ethylnitrosourea or ethyl methanesulfonate are commonly used mutagens. The 
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successive generation of descendants from mutagenized seed or plants is designated as M generation 
(e.g. M1-first generation). Induced mutation is expressed and observed usually following self-
fertilization of the Ml plants. Cross-fertilizing species like asparagus require controlled pollination 
when producing M2 generation (SigLirbjornsson, 1983). 
Physiological injuries caused by mutagens often include significant reductions in germination, 
seedling growth and fertility of Ml plants. Despite these risks, several herbicide-resistant mutants 
have been produced with success in crops such as soybean (Sebastian and Chaleff, 1987; Sebastian 
et al., 1989), wheat (Newhouse et al., 1992) and canola (Conner et al., 1994). 
1.3.3. Protoplast fusion 
Attempts to hybridize two unrelated plant species were impossible until the first successful protoplast 
fusion in Nicotiana (Carlson et al., 1972) .. After the delicate process of isolating protoplasts from the 
two parental species, they can be somatically fused together using a process known as parasexual 
hybridization. The important advantage of this technique is not only the transfer of nuclear genes 
between species, but also the synthesis of cybrids or cytoplasmic hybrids that cannot be developed 
through conventional breeding (Conner and Meredith, 1989). Development of protoplast fusion and 
regeneration techniques can be used to transfer cytoplasmically-inherited herbicide resistance, 
especially using interspecific hybrids. The benefit of .protoplast fusion was realized with the 
development of herbicide-resistant plants by transferring chloroplasts that encode resistance to some 
herbicides, especially the triazines (Table 1.2). 
Although, protoplast fusion is a promising method of producing new synthetic species, success of 
protoplast fusion greatly depends on several factors including the optimum culture conditions, 
maintenance of protoplasts and callus induction from protoplasts followed by plant regeneration. 
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Table 1.2. Examples of triazine-resistant crops developed via protoplast fusion. 
Donor 
So/anum nigrum 
So/anum nigrum 
Brassica campestris 
Brassica campestris 
1.3.4. Genetic engineering 
Crop 
Recipient 
So/anum tuberosum 
Lycopersicum escu/entum 
Brassica o/eracea 
Brassica napus 
Reference 
Gressel et a/., 1984 
Perl et a/., 1985 
Jain et a/., 1988 
Robertson et a/., 1985 
Jourdan et a/., 1989 
Use of molecular biology and molecular genetics enables the direct manipulation of genetic material 
and involves the transfer of desirable genets) from one organism to another. The transfer of genes for 
herbicide resistance is an important achievement in agriculture in recent years. Herbicide resistance 
was the first agronomic trait to be manipulated by genetic engineering (Comai et a/., 1985). 
Agrobacterium based vectors have been commonly used to transfer herbicide-resistant genes into 
crop plants. There are three major approaches used to develop plants with herbicide resistance via 
genetic engineering. 
1.3.4.1. Over-expression. 
Herbicide resistance as a result of over-expression of genes encoding herbicide-sensitive target 
enzyme occurs either due to high copy number of the gene or to high promoter activity of the 
inserted gene. Herbicide resistance to glyphosate, phosphinothricin and sulfonylurea herbicides have 
been achieved using this approach (Shah et a/., 1986; Eckes et a/., 1989; Odell et a/., 1990). 
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1.3.4.2. Detoxification 
Incorporation of a gene encoding herbicide detoxification is another technique identified to recover 
herbicide resistance in plants. The original source of the gene is often from microbes. Although 
there are no reports of detoxifying genes for AHAS inhibitors, there are several examples of this 
approach for other herbicides (De Block et a/., 1987; Stalker et a/., 1988; Buchanan-Wollaston et a/., 
1992). 
1.3.4.3. Altered target site 
When resistance to a herbicide is conferred by genes encoding for an altered target site, it seems 
more amenable to gene transfer. This is a common approa€h used to confer herbicide resistance in 
crop plants (Comai, et a/., 1985; Chuong et a/., 1988; Haughn et a/., 1988). 
The molecular basis of the AHAS molecule has been studied extensively, using microbial systems 
such as bacteria and yeast (Yadav et a/., 1986; Mazur et a/., 1985). The bacterial AHAS enzyme 
consists of two sub-units of the enzyme. In contrast, the plat AHAS enzyme is composed of a single 
sub-unit and is located in the chloroplasts (Miflin, 1974). Hence, the gene transfer using bacterial 
genes required not only the expression of the two proteins from the sub-units, but also the 
translocation of the enzyme to the plant chloroplasts. Therefore, plant AHAS genes were used to 
transfer resistant genes to produce transgenic AHAS inhibitor-resistant plants (Mazur et a/., 1987; Lee 
et a/., 1988; Haughn et a/., 1988). 
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1.3.5. Cell culture approach for herbicide resistance 
Conventional research related to the fate of herbicides in plants has. been conducted using whole 
plants. At present mechanically or enzymatically isolated cells (Davis and Shimabukuro, 1980) and 
undifferentiated cells or tissue (Mumma and Hamilton, 1979) have been utilized in determining 
herbicide phytotoxicity and related studies. 
The use of in vitro culture systems in the isolation of potentially useful agronomic traits in plants has 
been widely recognized in recent years. One of the major advantages of this system is selection of -
novel phenotypes from physiologically and developmentally uniform population of cells grown under 
defined in vitro conditions. In vitro culture systems were initially used to micropropagate new 
cultivars for superior quality and high yield. Later, the interest was diversified to select useful traits 
resistant to altered environments due to changing agricultural management practices. A special focus 
was made on developing herbicide resistance in crop plants (Table 1.3). 
Compared to whole plant systems, the effects of herbicides are conveniently monitored under a 
controlled in vitro environment using a defined culture medium with a large number of cells that .... -... -.-.-.-.. ---., .. --
permit rapid data collection and reproducibility of the experiments (Gressel, 1979). It is important 
that the cultured plant material has the primary functional site of the chosen herbicide. 
The utilization of cell selection to generate herbicide-resistant crops is hampered by limitations on 
the number of crops that can be easily manipulated in tissue culture. Therefore, it becomes 
necessary that the methods for selecting herbicide resistance in cell culture be carefully developed 
with special emphasis on the crop plant being investigated. Important aspects to be considered in 
plant tissue and cell culture for developing herbicide resistance include the occurrence of genetic 
variation, defining selection strategies and assessing stability of selected variants. 
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Table 1.3. Examples of herbicide-resistant variants selected from cell culture. 
Crop Herbicide Reference 
... ~ ~ .. ~ -- ~ .. -
Tobacco 2,4-0 Nakamura et a/., 1985 
Atrazine Sigematsu et a/., 1989 
Chlorsulfuron Chaleff and Ray, 1984 
Glyphosate Goldsbrough et a/., 1990 
,--~ - ----,- '--'-" 
Paraquat Miller and Hughes, 1980 
Picloram Chaleff and Parsons, 1978 
Pri m isu Ifu ron Harms and DiMaio, 1991 
. - . ~ .. - - -. -
Sulfometuron methyl Chaleff and Bascomb, 1987 
Corn Imazethapyr Anderson and Georgeson, 1989 
Imazapyr Anderson and Georgeson, 1989 
Sethoxydium Parker et a/., 1990 
Tomato Glyphosate Smith et al., 1986 
Paraquat Miller and Hughes, 1980 
- - -.---.-
Canola Chlorsulfuron Swanson et al., 1988 
Imazethapyr Swanson et al., 1989 
Carrot Glyphosate Nafziger et al., 1984 
Bensulfuron methyl Watanabe et al., 1988 
....... __ .- .. 
2,4-0 Wid holm, 1977 
-- . --- . -~~- -". 
Sugarbeet Chlorsulfuron Saunders et al., 1992 
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1.4. Genetic variation in cell culture 
1.4.1. Somaclonal variation 
Successful isolation and regeneration of plant cells resistant to specific herbicides depends primarily 
on the availability of desirable genetic alteration(s) or variation in the cells or tissue maintained in 
vitro. The term 'somaclonal variation' has been promoted by Larkin and Scowcroft (1981) for any 
genetic variation detected in plant cell cultures: Incorporation of somaclonal variants as an_ 
additional, desirable trait to an existing superior cultivar can lead to a quick achievement of crop 
improvement objectives (Racchi et al., 1997; Jain et al., 1997). 
In terms of crop improvement, the potential value of variant plants was first recognized in sugarcane 
(Heinz and Mee, 1971). Gross karyotypic changes, cryptic chromosomal rearrangement, somatic 
crossing-over and sister chromatid exchange, transposable exchange or gene amplification are the 
main underlying events contributing to somaclonal variation (Scowcroft and Larkin, 1982; Scowcroft 
and Larkin, 1983). It is now recognized as predominantly, a heritable mutation arising in cell or 
tissue culture (Larkin and Scowcroft, 1981; Larkin et al., 1985; Bettini et al., 1998; Wright et al., 
1998; Wright and Penner, 1998). Oono (1981) and Hoffmann et al. (1982) suggested that these 
mutations occur continuously in cell culture. Longer cell culture cycles lead to accumulation of more 
variation in callus, cell suspension or protoplasts cultures (L6rz and Brown, 1986). Therefore, the 
resistant genotype should exist in a cell population prior to the exposure to the herbicide, for a 
successful isolation of herbicide-resistant plants. So far, the origin of somaclonal variation is unclear 
and it is therefore, often considered as potential source of variability. 
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1.4.2. Mutagenesis 
Somaclonal variation is not always sufficient to allow desirable mutants to be isolated. Therefore, 
mutagens are often used to enhance genetic variation in cell or tissue cultures. Mutations can occur 
through alterations in karyotype, involving one or more chromosomes, or through small changes in 
the structure or position of one or more genes. 
Efficient mutagenesis of plant cell culture is possible, as the cells can be uniformly treated with 
physical or chemical mutagens. A variety of cell sources may be used for in vitro exposure of -
mutagens. A number of agents are capable of inducing mutations in plants. Physical mutagens such 
as x-rays and gamma rays and chemical mutagens such as ethyl methanesulfonate, diethylsulfate and 
N-nitro N-methyl urea are some of the commonly used mutagens. Chemical mutagens are generally 
considered better over the physical mutagens as the frequency of undesirable modifications is 
relatively low (Sigurbj6rnsson, 1983). 
The role of induced mutations in studies related to plant breeding has long been a source of 
controversy. The major limitation to use mutagens in tissue culture or whole plants for crop 
improvement is the unpredictable genetic changes that may result at the end. However, 
development of appropriate culture techniques and suitable selection methods such as early 
selection can improve the frequency of desirable traits (Karp, 1989). 
1.5. Cell and tissue culture material for in vitro selection 
1.5.1. Callus culture 
Several plant tissues including leaves, roots, shoots and anthers can be used as explants to proliferate 
into an undifferentiated mass of cells. In any particular species, some explant(s) often tend to 
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produce callus more readily than others. Chaleff and Ray (1984) isolated chlorsulfuron-resistant 
mutants from leaf derived haploid callus. 
Callus on solid culture medium may not be recommended as the cells are unevenly exposed to 
mutagens or the selective agent. Uneven exposure of callus tissue to the selection agent may more 
readily result in chimeral cell colonies, a mixture of mutant and normal cells. Therefore, when callus 
used for selection it is often treated with the selection agent more than once (cyclic selection) to 
overcome the uneven exposure of the selection agent (Shaner and Anderson, 1985) . 
. ,
1.5.2. Cell suspension culture 
In most cell selection studies, suspension cultures have been used because of the ease with which 
they can be manipulated and the increased possibility of standardization for the reproduction of 
results (Asfandiyarova,et a/., 1991). Suspension cultures, which are often measured in terms of cell 
number and cell weight on a volume basis, can also conveniently be measured as settled cell volume 
(Davis et a/., 1984). Different growth rates are observed in different growth phases of cell suspension 
cultures (Ray and Still, 1975). The growth proceeds from a lag phase during which little growth of 
cells is observed. Following the lag phase, there is a distinct phase with a logarithmic increase in the 
growth rate of cells, which results in a high cell density. The growth rate of the culture changes 
continuously from one subculture to another (Street, 1973). Therefore, studies with cell suspension 
cultures need to be supported by adequate information on their growth rate and the stage of growth 
to select the suitable culture. When suspension cultures are used in cell selection, a major difficulty 
is distinguishing between slow adaptation of the whole population to the selection conditions and the 
rapid growth of a rare variant (Street, 1973). 
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1.5.3. Plated cell culture 
Meredith (1984) suggests that, although the initial preparation is a time consuming process, plated 
cell cultures are the most convenient method for selection of desirable mutants compared to callus 
and suspension cultures. Cells are usually grown in liquid non-selective medium to the mid or late 
log phase of their growth and plated onto a gelled medium. As they are uniformly exposed to the 
selection agent, the slow acclimatization of the cell population to the selection agent can be rapidly 
separated from the growth of rare variants. Since the cells are not in clumps as in callus tissue, cross-
feeding is greatly avoided. It is therefore more adva~tageous to use plated cell culture and to readily -
identify the growing colonies of distinct variants (Thiemann and Barz, 1994). 
1.5.4. Protoplast culture 
Plant protoplasts are commonly isolated from young leaves and roots, as well as shoot and root 
meristems (Vasil, 1976). Protoplasts from leaves and shoots are considered suitable in vitro plant 
material as they provide genetically homogenous cultures of single photosynthetic cells. In tobacco, 
leaf protoplasts have been used to isolate triazine resistance (Cseplo et al., 1985). Although, 
protoplast cultures permit the selection of mutants compared to cells and callus, they are delicate 
and require considerable care for successful culture (Hickok, 1987). The plating efficiency of 
protoplasts is rather low and they often need specialized techniques such as the support of feeder-
cells in the culture. 
1.5.5. Microspore culture 
Microspores or immature pollen are mainly used as haploid explants. Microspore culture is relatively 
simple given the developmental stage, medium composition and source are optimum (Collins, 
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1977). These haploid cells are able to express even recessive mutations, thus allowing a better 
genetical analysis of the selected mutants which can be later restored to the diploid level by 
chromosome doubling techniques (e.g. colchicine treatment). 
1 .6. Cell selection 
1.6.1. Selection concentration 
.! -
Determination of herbicide concentration that causes death of cells in the culture is an essential 
prerequisite for the selection procedure. The growth phase of the culture used as an explant source, 
the size of inoculum and the hormonal level of the medium are important criteria that determine the 
toxic level of the herbicide used to select resistant mutants (Zilkah and Gressel, 1977). Therefore, it 
is essential to establish the conditions under which the toxic dose "is imposed and to carry out 
selection procedures within the limits of these conditions. Cell culture systems facilitate a uniform 
and continuous exposure to this pre-determined herbicide dosage in a carefully controlled 
environment. Subsequently, the appropriate selection pressure discriminates the normal cells from 
the mutant cells (Shyr et al., 1993). 
In the first experiment that determined the potential of developing sulfonylurea resistance in tobacco 
callus culture, 5.6 nM chlorsulfuron was used as the leth'al or toxic concentration that distinguished 
the resistant callus cultures from the background cell population (Chaleff and Ray, 1984). The 
concentration varied considerably from that defined for sulfometuron methyl (560 nM), another 
sulfonylurea herbicide (Creason and Chaleff, 1988). Determination of this toxic concentration is a 
critical factor. To maximize the likelihood of the inhibition due to the primary effect of the 
herbicide, the lowest inhibitory concentration needs to be used. Further increased concentrations 
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would possibly bring about other inhibitory mechanisms that relate little to the mode of action of the 
herbicide in the whole plants (Meredith and Carlson, 1982). 
1.6.2. Strategies for cell selection 
Plant cell culture systems are relatively simple with the bioassay for resistance traits being quick and 
routine, through which the resistant cells are easily separated from the susceptible cells. Cell 
selection can involve direct, rescue or stepwise approaches. However, the ultimate goal of any of 
, . 
, . -:. - '. ~~ '- -
these approaches is to isolate the rare resistant variant from the large background population of wild -
type cells. 
1.6.2.1. Direct cell selection 
Direct cell selection is the most common and simplest form of selection, involving a one-step positive 
approach. It involves an acute exposure of the cells to the selection agent that discriminates the wild 
type cells from the resistant variants. Direct selection has been successfully used to isolate herbicide-
resistant variants, including propham resistance in tobacco protoplasts (Aviv and Calun, 1977) and 
pichloram resistance in tobacco (Chaleff and Parsons, 1978) 
1.6.2.2. Rescue selection 
Rescue selection involves two-step approach and can either be carried out in positive or negative 
manner. Cell cultures are initially exposed to a selection pressure to isolate the survivors and 
inhibiting the wild type. The second step is to isolate the rare variants by exposing the survivors to a 
selection pressure-free condition (positive selection) or imposing the selection pressure-free 
conditions on formally non-growing cells (negative selection). Aluminium-resistant variants were 
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isolated by exposing Nicotiana plumbaginifolia cells before plating them on a standard medium 
(Conner and Meredith, 1985). A negative selection approach is rather complex where an initial 
selection pressure is imposed as a counter-selection agent (e.g. bromodeoxyuridine) to inhibit the 
actively growing wild type cells and the counter-selection agent is then withdrawn in a different 
culture condition that permit the recovery of formerly 'dormant' cells. This type of rescue selection 
was used to isolate temperature-sensitive variants in tobacco (Malmberg, 1979). 
1.6.2.3. Stepwise selection 
.. 
In stepwise selection, herbicide concentrations are gradually increased over time to eliminate 
susceptible cells. Surviving cells are transferred to fresh culture medium (with or without the 
herbicide) to increase cell populations. Herbicide concentrations are then increased and the process 
is repeated. Stepwise selection procedure is more labour intensive and requires a longer period of 
time for obtarning herbicide-resistant cell lines compared to the single-step selection procedure. 
Resistant cell lines that have gone through many selection cycles may also undergo other 
physiological and genetic changes, reducing the potential to obtain regenerated resistant plants. 
However, the use of the multiple selection procedure rather than a single-step procedure may 
improve the chances of obtaining resistant cell lines as well as increase the possibility of obtaining 
mutant cell lines with different resistance mechanisms. 
The majority of the stepwise selection studies were performed during the late 1970s and early 1980s 
(Zenk, 1974; Widholm, 1977; Ono, 1979; Miller and Hughes, 1980). Variants recovered from a 
stepwise selection often show mutations in cell organelles (Gengenbach et al., 1977) and gene 
amplification (Barg et al., 1984). Often, they were unstable as the variant phenotype is probably lost 
in the absence of selection pressure for an extended period of growth (Barg et al., 1984). Another 
22 
obvious disadvantage is the gradual acclimatization of cells, which may result in physiologically 
adapted variants. In a few instances, stepwise selection has yielded unknown mutations in tobacco 
(Ishida et a/., 1989; Sato et a/., 1988). 
1.7. Characterization of variants 
Herbicide resistance in plant cell cultures can be of several forms, ranging from a temporary 
physiological adaptation to a permanent heritable change which is expressed and genetically 
transmitted by plants regenerated from cell cultures." 
1.7.1. Escapes 
Close contact between cultured cells may promote cross-feeding (metabolic co-operation), thereby 
increasing the frequency of escapes due to inadequate exposure to the selection agent. Escapes are 
identified when the plant material, identified with the desired phenotype fails to survive an 
immediate subculture with the selection pressure. Therefore, they are known as "false-positives" 
(Conner, 1986). 
Calluses or large cell dumps in suspension cultures or plated cells could result in non-uniform 
exposure to the selection pressure and may result in escapes. The proportion of escapes may vary 
depending on the stringency of the culture and selection conditions. Compared to direct cell 
selection the number of escapes observed in rescue selection was lower during the isolation of 
aluminium-resistant variants in tobacco (Conner and Meredith, 1985). 
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1.7.2. Unstable variants 
Unstable variants arise due to physiological or biochemical adaptation and have not undergone any 
genetic change. These temporary adaptations would be lost in the absence of selection pressure. 
For instant, addition of herbicides to cell cultures may induce the synthesis of enzymes which can 
detoxify the herbicide. The activity of such enzymes is usually dependent on the continued supply 
of the herbicide, and the withdrawal of herbicide for one or more culture passages may result in loss -
of survival due to the inability of the cells to maintain such enzyme activity. Meredith and Carlson 
(1982) observed that as long as plant cells are in the culture medium, they do not depend on a 
complex body of interacting organs or tissues like the whole plant, and they may survive until 
sufficient herbicide nas been detoxified. 
The cycloheximide resistance in tobacco variants was lost after subculturing in the absence of 
cycloheximide (Maliga et al., 1976). During the selection for 2,4-0-resistant variants in carrot, 2,4-0 
metabolizing enzyme level that was induced by the herbicide, dropped rapidly when 2,4-0 was 
removed and resulted in loss of survival in plant cells (Widholm, 1977). 
Unstable variants may arise as a consequence of gene amplification in stepwise selection (Barg et al., 
1984), a common mechanism for resistance to cytotoxic chemicals. Conner (1986) suggests that 
unstable variants make a significant contribution to the population of independently selected variants 
in large-scale cell selection experiments and they should be quickly identified from those with stable-
resistant variants. 
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1.7.3. Epigenetic variants 
Apart from unstable variants, there is a possibility of epigenetic variants. Epigenetic variation is 
functionally defined as a "stable cellular change of the type encountered in normal development" 
(Meins and Binns, 1977; Meins and Lutz, 1980). Epigenetic events reflect altered levels of gene 
expression which are relatively stable and they persist through mitosis to be expressed in culture, and 
reversed either during plant differentiation or meiosis. In contrast to altered phenotypes having a 
genetic basis, those resulting from epigenetic changes are not usually expressed in regenerated plants 
.or their progeny (Binns and Meins, 1973; Chaleff, 1981). 
In tobacco, cytokinin habituation was stable in the initial cell cultures of variants, cloned from single 
cells. The cell cultures from the regenerated plants were found to have cytokinin dependence (Binns 
and Meins, 1973). This habituation appears to have an epigenetic basis since this process is gradual, 
directed and reversible. It is hypothesized that the habituated state is maintained by a self-sustaining 
positive-feedback mechanism in which cytokinins or factors that induce their own biosynthesis or 
block their own degradation (Meins and Lutz, 1980). At present, transmission through sexual crosses 
produces an acceptable criterion, which can distinguish epigenetic changes from genetic variation 
(Maliga, 1980; Chaleff, 1983; Meredith, 1984; Maliga et al., 1987). 
1.7.4. Mutants 
Cell cultures offer many advantages for the isolation of mutants in higher plants. The most common 
mutants isolated in vitro showed economically valuable traits such as resistance to phytotoxins 
(He/minthosporium maydis - Gengenbach and Green, 1975), resistance to herbicides (Nicotiana 
tabacum - Chaleff and Parsons, 1978), NaCI tolerance (Oryza sativa - Chen et al., 1984) and chilling 
resistance (Nicotiana sylvestris - Dix and Street, 1976). Typically, variants that show resistance to a 
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herbicide are grown for one or more culture passage without the herbicide and subsequently tested 
for their resistance and then regenerated into plants. When the sexual progeny of these resistant 
variants show the new phenotype, they are called resistant mutants (Chaleff, 1983). Alternatively, a 
molecular or biochemical evidence such as nucleotide sequencing or enzyme activity can possibly 
serve as a reliable scale for measuring genetic alteration in the genome (Meredith, 1984). It has 
become evident that careful consideration of stringent conditions developed for the selection system 
can play an important role in recovering resistant mutants from in vitro selection (Conner, 1986) . 
1.8. Plant regeneration 
. ,
Cell or tissue cultures with morphogenic potential are a convenient source of material for plant 
regeneration. The longer the cells remain under in vitro conditions the more difficult they become to 
regenerate into plants (Smith and Steel, 1974). Hence, fertile diploid regenerants are more likely to 
be obtained if the putative-resistant variants are isolated from newly initiated cultures and then 
promptly used for plant regeneration after selection (Maliga, 1981; Flick et al., 1981). 
Regeneration of herbicide-resistant plants is hindered by the limitation in the number of crops that 
can be easily manipulated in tissue culture. With the exception of the convenient model plant 
tobacco and a limited number of other species, selection studies have often shown lack of plant 
regeneration from the selected herbicide-resistant variants' (Zenk, 1974; Widholm, 1977; Chaleff and 
Ray, 1984). Regeneration potential for particular species can be attempted through the development 
of appropriate cell culture systems, selection of explants for plant regeneration and a better 
understanding of physiological and genetic background of the species involved in the selection 
process. 
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1.9. Research objectives 
One of the important benefits afforded by cell cultures for genetic experimentation with higher plants 
is the possibility of isolating novel phenotypes in plants. In vitro culture systems provides the basis for 
research in the area of crop improvement involving mutant selection, hybrid development and 
genetically engineered plants. 
The requirements of in vitro culture and selection systems can vary greatly from one species to 
another and can limit the development and the 'Use of crop improvement techniques in desired -
species. Successful regeneration of mutant plants has been mainly restricted to model plant systems 
such as Nicotiana species and a few crop species such as Brassica napus and lea mays. This is a 
consequence of the optimization of culture systems and regeneration of plants from cell or tissue not 
being well established for many crop plants. Asparagus is a perennial crop in which the use of 
somatic cell selection for the isolation of mutants has shown little success due to specific growth, 
culture and selection requirements Uullien, 1985; Curtiss et al., 1987). 
This study was initiated with an aim of using in vitro cell selection for the isolation of chlorsulfuron-
resistant variants and to establish the basis of resistance at the cellular and whole plant levels in 
asparagus. A highly cell culture amenable asparagus genotype (CRD 168) was used as a model 
asparagus plant to develop cell selection systems in this investigation. 
The first objective of this project was to identify the origin of plant tissue for the initiation of 
appropriate cell cultures and the establishment of culture systems for somatic cell selection in 
asparagus. In addition, protocols for estimating the density of cultured asparagus cells were 
evaluated to facilitate the establishment of repeatable and consistent culture methods (Chapter II). 
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In order to select the putative-resistant variants, the lowest concentration of chlorsulfuron that 
effectively discriminates the wild type cells from the putatively resistant cells was determined. The 
second objective was to isolate the rare cell colonies from plated asparagus cells, characterize and to 
regenerate plants from the resistant variants (Chapter III). 
The third objective of this study was to assess the resistance and the growth performance of callus 
tissue obtained from six stable-resistant variants. These selected variants were compared with the 
wild type for their degree of resistance to chlorsulfuron, cross resistance to other AHAS inhibiting 
herbicides and the AHAS enzyme activity (Chapter iV). 
The expression of the resistant trait at the whole plant level is often an important indicator in crops 
developed for herbicide resistance. The fourth objective of this research was to examine and 
compare the response of a foliar applied, commercial formulation of chlorsulfuron (Glean) in both 
the wild type and the resistant 'line (Chapter V). In addition, the physiological and the biochemical 
basis of the resistance mechanisms were also studied at the whole plant level (Chapter V). 
The final objective was to isolate, characterize and regenerate plants for chlorsulfuron resistance in 
two elite genotypes, using the cell selection system developed for the model asparagus genotype 
described above. Emphasis was made to identify possible alternatives to reduce the in vitro culture 
period to minimize further cell culture variation occurring'in the selected variants, at the same time 
not to deprive the time involved for the rechallenge of herbicide, during characterization of the 
putative-resistant cell colonies (Chapter VI), 
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CHAPTER II 
A cell culture system for somatic cell selection in asparagus* 
2.1 Introduction 
Somatic cell selection has allowed the identification of a wide range of novel mutants in plants. 
These have included many traits of value for crop improvement including resistance to salt stress, 
, 
drought, diseases and herbicides (Conner and Meretlith, 1989). However, successful regeneration of-
mutant plants has been mainly restricted to model plant systems such as Nicotiana species, and a few 
crop species such as Brassica napus and lea mays. This is a consequence of the culture systems for 
high plating efficiencies and regeneration from single cells not being well established for many crop 
plants. 
Among the monocotyledonous crops, Asparagus officinalis L. has been at the fore-front of many 
biotechnological developments, such as single cell regeneration (Wilmar and Hellendoorn, 1968), 
protoplast regeneration (Bui-Dang-Ha et al., 1975)· and transformation (Bytebier et al., 1987). 
However, isolation of mutants via somatic cell selection in asparagus has been limited by the culture 
or selection conditions that effectively discriminate between wild type and variant cells Uullien, 1985) 
and the lack of plant regeneration after long culture periods (Curtiss et a/., 1987). 
In this chapter, the origin of plant tissue for the initiation of appropriate cell cultures and the 
establishment of culture systems for somatic cell selection in asparagus are discussed. In addition, 
protocols for estimating the density of cultured asparagus cells were evaluated to facilitate the 
establishment of repeatable and consistent culture methods. 
• Published in PlantTissue Culture and Biotechnology, (1998): 4, 104-112 -see List of Publications (Appendix 2.1). 
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2.2. Materials and methods 
2.2.1. Plant material and culture media 
The asparagus genotype used in this study was CRD 168, a female clone selected from Limbras I, 
known to have high performance in cell culture (Chen et al., 1997). Callus culture medium consisted 
of MS salts and vitamins (Murashige and Skoog, 1962), 200 mgll L-glutamine, 1 mgll kinetin, 1 mgll 
NM and 3 % (w/v) sucrose, gelled using 0.7 % (w/v) agar (Difco bacteriological agar) with pH 
adjusted to 5.7± 0.1 before autoclaving at 103 kPa for 15 minutes. A liquid form of the same 
medium was used to initiate and maintain cell suspensions. For embryo, shoot and root induction, 
culture medium and conditions were maintained as described by Chen et al. (1997). 
2.2.2. Callus culture establishment and growth 
In vitro plant cultures were established as previously described (Abernethy and Conner, 1992) and 
incubated at 25 DC under cool white fluorescent light (70 Ilmol/m2/sec; 16-h photoperiod). 
Incubating in vitro plant cultures in darkness at 25 DC for 3 weeks produced etiolated shoots, used for 
initiating callus. Internodal segments of 1 cm length were transferred to callus culture medium. To 
determine the growth pattern of callus, six 0.3 g pieces were transferred to filter paper (Whatman 
No.1) supported by agar-based medium, and the culture weight monitored at 2 day intervals as 
described by Conner and Meredith (1984). Relative growth (RG) was calculated according to the 
following equation (Fw=final weight; Iw=inoculum weight). 
Fw-Iw 
RG = xlOO 
Iw 
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2.2.3. Establishment of cell cultures 
A 4-week subculture cycle of callus produced a continuous callus supply for the initiation of cell 
suspensions. Friable callus was transferred into liquid culture medium and incubated for 10 days in a 
gyratory shaker (140 rpm) in darkness at 25°C. Cell suspensions were filtered through a 500 11m 
stainless steel sieve to remove all cell clumps and leave a suspension of single cells and small clumps 
of not more than 2-3 cells. Cell density was determined in a haemocytometer and adjusted as 
required either by allowing the cells to settle down and removing medium, or adding further 
medium. .' 
2.2.4. Settled cell volume (SCV) and cell weight of suspension cultures 
Cells were allowed to settle for 1 hour in sterile 10 ml glass measuring cylinders of 1 cm diameter to 
determine SCV. For the respective cell densities, SCV was expressed as the proportion of the total 
culture medium occupied by the cells (Ryu et al., 1990). Fresh weight of cells in suspension was 
measured following either filtering of cell suspension through a pre-weighed, wet filter paper 
(Whatman NO.1) or a pre-weighed, pre-washed 0.2 11m sterile filter (MinisartR). 
2.2.5. Plating efficiency (PE) 
Two milliliters of cell suspension were plated onto filter paper (Whatman No.1), overlaid on agar-
based medium and evenly spread by gently rotating the Petri dishes (9 cm diameter). These cultures 
were incubated for 4 weeks in darkness at 25°C. PE was determined by counting number of 
growing cell colonies after 30 days incubation and expressing this as a percentage of the number of 
plated cells. 
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2.3. Results 
2.3.1. Source of explants 
Callus was initiated from green and etiolated shoot segments, each grown under light and dark 
conditions. The frequency of callus formation and the mass of callus growth from etiolated shoot 
segments were substantially higher than from green shoots segments (Table 2.1). Incubation in 
darkness almost doubled the frequency of explants initiating callus. Comparative assessment of the 
calluses revealed that incubation in darkness resulted in the growth of a pale, soft, friable callus while 
a green, hard callus developed under light. This difference in callus morphology accounted for the-
significantly higher weight of callus from etiolated shoots cultured under light. To rapidly initiate soft, 
friable callus for subsequent experiments, etiolated shoots were cultured on callus induction medium 
(see Section 2.2.1) in darkness. 
2.3.2. Growth pattern of callus 
The transfer of asparagus callus to fresh agar based medium, showed a typical plant cell growth 
pattern over a period of 2 weeks (Figure 2.1). Growth of callus rapidly increased 10 days after 
inoculation (DAI) after which it leveled off. Therefore, the late log phase of callus growth occurred 
between 8-10 DAI. This stage is ideal for initiation of asparagus cell suspension cultures, since it has 
the greatest cell mass in a rapid growth phase. 
2.3.3. Initiation of cell suspension cultures 
Cell suspension cultures were established by inoculating friable callus into liquid culture medium. 
Regardless of the size of the inocula, the highest density of single cells and small clusters of 2-3 cells 
was recorded 10 -12 DAI (Figure 2.2). However, the cell yield from the inoculum of 7.5 % (w/v) 
callus produced the highest cell density. The decline in cell density 12 DAI was a consequence of 
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increased size of the cell clusters which were unable to pass through the steel mesh used for filtering 
the cell suspension. 
2.3.4. Settled cell volume (SCV) and cell weight 
Cell suspension cultures were initiated using 7.5 % (w/v) friable callus as inoculum, and maintained 
on a gyratory shaker for 10 days. After filtering the suspension through a 500 11m mesh, the SCV and 
cell weight were determined over a range of cell densities (5 x 104 - 2 x 105 cells/ml). Identical results 
, 
were obtained for each method of estimating fresn weight of cell suspension. Linear relationships -
between cell density (3 replicates) and both SCV (cells/ml=SCV (%)/7.4x10-5; r2= 0.98) and cell 
weight (cells/ml= cell weight (g)/6.1x10-7; r2= 0.99) were recorded (Figure 2.3). 
2.3.5. Plating efficiency of cells 
Single cells and small cell aggregates of 2-3 cells from 10-day old suspension cultures were plated 
onto filter paper on an agar-based medium. Small cell colonies were visible after 7-10 days following 
plating at high densities (> 105 cells/Petri dish) compared with delayed appearance of cell colonies at 
the lower densities « 105 cells/ Petri dish). Growth of the cell colonies was rapid during the fourth 
week of incubation. 
The influence of cell density was measured in terms of number of cell colonies formed and fresh 
weight of the resulting cells. These growth parameters showed a positive linear correlation with cell 
densities, especially over the range from 1 x1 05-4x1 05 cells/ Petri dish (Figure 2.4). A mean PE of 
0.19 % was recorded under the experimental conditions. Cell colonies were transferred to embryo 
induction medium when they reached about 5 mm diameter within 4-6 weeks. Embryos 
proliferated from 19 % of the colonies, with 55 % of the embryos developing into complete plants 
within 20-22 weeks from cell plating. 
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Table 2.1. Influence of culture environment and source of explant on fresh weight and 
percentage of explants producing callus fifty days after inoculation. 
Culture environment Shoot explant Callus fresh weight (g)a Explants producing 
callus ('Yo) 
Dark Green 0.09 ± 0.02 60 
Etiolated 0.20 ± 0.03 100 
., 
Light Green 0.03 ± 0.01 20 
Etiolated 0.28 ± 0.02 52 
"Figures are the mean weight ± SEM for five replicated Petri plates, each inoculated with five explants. 
Paired t-test (0.05) established a significant difference between the source of explant used in the experiment 
under both dark and light growth conditions. 
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figure 2.1. 
4 6 8 10 12 14 
Days after inoculation 
Time course of callus growth in asparagus genotype 
CRD 168. 
Relative growth was calculated from callus fresh weights 
measured for two weeks on alternate days. The graphed 
points represent the mean of six replicated Petri plates. The 
illustrated curve fitted by regression curve: r2=0.98. 
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Figure 2.2. 
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Days after inoculation 
Effect of fresh weight· of callus inoculum on the 
number of cells or small clumps of 2-3 cells in 
suspension cultures (. 2.5 g/100 ml; - 5 g/100 ml; .... 
7.5 g/100ml). 
Cell counts were determined in alternate days for sixteen days. 
Graphed points represent the mean number of cells from two 
replicates each sampled twice. Vertical bars represent the 
LSD(o.05) at each sampling. 
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Linear relationship between cell density and settled 
cell volume (e) and cell weight (0) in suspension 
cultures, 
Cells were allowed to settle after filtering the cell suspension 
culture through 500 11m mesh. The correlation coefficient 
between cell number and settled cell volume was 0.99 and for 
cell number and cell weight was 0.98. 
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Figure 2.4, Growth of plated cells in- terms of fresh weight (0) and 
number of cell colonies (A), 
Measurements were made thirty days after plating the cells 
with five replicates per treatment. Correlation coefficients on 
number of cell colonies and fresh weight of cells were 0.98 
and 0.99 respectively. 
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2.4. Discussion 
Plant cell cultures are frequently used for somatic cell selection, and usually require an extended 
period to obtain an appropriate cell suspension culture suitable for plating on a selection medium. 
Previous work on asparagus cell selection failed to recover regenerated plants due to the prolonged 
cell culture period (Curtiss et al., 1987). This chapter describes a convenient culture system for 
somatic cell selection in asparagus, including the ideal, initial plant material, maintenance of 
suspension cultures, estimation of cell density, plating of single cells and the regeneration of the 
resulting colonies. The key factor of this protocol is-the minimal culture period from culture initiation -
to cell plating and then potentially to plant regeneration. The advantage of this is the reduced 
potential for inadvertent somaclonal variation in the resulting plants. 
One of the important factors that determines culture initiation is the developmental stage of the plant 
tissue used for culture (Murashige, 1974). This chapter identified that etiolated shoot segments yield 
soft, friable callus at high frequencies (Table 2.1). Interestingly, etiolated shoot segments were also 
the preferred source tissue for the isolation and culture of asparagus protoplasts (Chen et al., 1997). 
It is best to initiate cell suspension cultures at a defined stage of callus growth, preferably at the latter 
part of the log phase with actively growing cells (Kramer et al., 1988). Based on the time course of 
callus growth established in the present study (Figure 2.1), growth stage at 10-12 DAI is the most 
suitable time for suspension culture initiation in asparagus: 
The efficient establishment of liquid cell suspension cultures requires callus that quickly disperses into 
single cells or small aggregates. Several studies on cell suspension initiation indicate the importance 
of friable callus as source of cells (e.g. Dethier-Rogers et al., 1993; Chen and Jonard, 1994). 
Suspension cultures require a relatively high initial inoculum to produce sufficient amount of 
dispersed cells in the liquid culture medium. Plated suspensions of single cells or tiny cell dumps (2-
3 cells) are the preferred culture system for somatic cell selection experiments (Conner and Meredith, 
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1989). A high inoculum of 7.5 g friable callus/lOa ml culture medium (Figure 2.2) was sufficient to 
produce a fine cell suspension culture with high cell density (6 x 105 cells/ml) at 10 DAI. 
Growth of cells in culture can be estimated in a number of ways, including fresh and dry weights, 
packed cell volume, turbidimetric measurements, settled cell volume and number of cells. Although 
cell counting, using haemocytometer defines the required information for cell plating, it is time 
consuming and laborious compared to other methods, especially when sterile conditions have to be 
maintained. 
" 
Both cell weight and settled cell volume of asparagus cells exhibit a linear relationship with cell 
density (Figure 2.3). Of these two methods, SCV provides the more simple, convenient and efficient 
way of estimating cell number. This is also rated as one of the most useful methods for the 
assessment of growth in plant cell cultures (Davis et a/., 1984). All the growth parameters in this 
study were assessed during the peak period of cell increase; possibly in the log growth phase. This is 
in agreement with Ryu et a/. (1990), as strong correlation between cell growth parameters and cell 
density could not be expected during the stationary growth phase. Upon plating of actively growing 
asparagus cells on filter paper, the appearance of cell colonies was first observed in Petri dishes with 
higher cell densities. This was probably due to the increased cell to cell contact and mutual cell 
support at higher cell densities that tend to increase the plating efficiency. The success of recovering 
cell colonies was also dependent on the volume of cell suspension used per Petri dish. Cell number 
adjusted per plate in 1 ml suspension was inadequate under the experimental conditions used as the 
filter paper started to dry within a short period of time. Therefore, the cell density of the inoculum 
was halved to allow two ml of the cell suspension to be plated. 
The cell culture system described in this chapter will greatly assist in the somatic cell selection of 
novel mutants in asparagus. The approach was successfully used to select and characterize a large 
number of variants with chlorsulfuron resistance in asparagus (see Chapter III). 
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CHAPTER III 
Somatic cell selection and characterization of herbicide-resistant variants in asparagus* 
3.1. Introduction 
Somatic cell selection is a convenient method to isolate naturally occurring mutants from a large 
population of wild type plant cells. The increased efficiency of recovering novel mutants is favoured 
by numerous individual cells in culture representing'themselves as potential plants and the enhanced -
frequency of genomic rearrangement associated with cells maintained in vitro (Scowcroft and Larkin, 
1988). The isolation of herbicide-resistant mutants via somatic cell selection has been especially 
successful in recent years (Conner and Field, 1995). 
Somatic cell selection for sulfonylurea-resistant mutants has been achieved in many annual crops 
(Chaleff and Ray, 1984; Shaner and Anderson, 1985; Jordan and McHughen, 1987; Saunders et al., 
1992). Crops with resistance to sulfonylurea herbicides offer an alternative approach to weed control 
because of the low field use rates and low mammalian toxicity (Moberg and Cross, 1990). Among 
the monocotyledonous crops, asparagus (Asparagus officina/is L.) has been at the fore-front of many 
biotechnological developments such as single cell regeneration (Wilmar and Hellendoorn, 1968), 
protoplast regeneration (Bui-Dang-Ha et al., 1975) and genetic transformation (Bytebier et al., 1987; 
Conner et al., 1988). However, the use of somatic cell selection for the isolation of mutants in asparagus 
has been limited due to specific growth, culture and selection requirements Uullien, 1985; Curtiss et al., 
1987). A cell culture system has been recently developed for asparagus that alleviates the limitations for 
effective somatic cell selection in this crop (Ganeshan et al., 1998). 
·Part of this chapter published in the Proceedings of the IX International Asparagus Symposium, (1998)-see List of 
Publications (Appendix 2.1). 
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In this chapter, cell selection, characterization and regeneration of rare asparagus variants with 
resistance to chlorsulfuron, a sulfonylurea herbicide is described. Plants from these resistant variants 
provide germplasm that could bring about a wider crop safety margin and increase options for 
chemical weed control in this perennial crop. 
3.2. Materials and methods 
3.2.1. Plant material and tissue culture conditions 
.' 
Asparagus genotype CRD 168 a female clone from Limbras I with high performance in cell culture 
(Chen et al., 1997) was used to isolate herbicide-resistant variants in this study. In vitro cultures were 
initiated and established following surface sterilization as described by Abernethy and Conner (1992). 
Etiolated shoot segments (1 cm) from dark grown, in vitro plants were used to initiate friable callus on 
medium containing MS salts, vitamins and sucrose (Murashige and Skoog, 1962), supplemented with 
1 mgtl NAA, 1 mgtl kinetin and 200 mgtl L-glutamine. The pH of this medium was adjusted to 5.6 ± 
0.1, prior to the addition of 0.7 % of bacteriological agar (Germontown) and autoclaved at 103 kPa 
for 15 minutes. A liquid medium with the same components was used to establish cell suspension 
cultures for selection experiments. 
3.2.2. Herbicide and amino acids 
A stock solution of technical grade chlorsulfuron was prepared and stored as described previously 
(Haughn and Somerville, 1986). Amino acids (leucine, iso-leucine and valine) were freshly prepared 
before use. All stock solutions were filter sterilized and added as required to the medium before final 
dispensing to the culture vessels. 
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3.2.3. Plating of cells 
To initiate cell suspension cultures, friable callus in an exponential growth stage (8-10 days after last 
subculture) was transferred to liquid medium at 140 rpm on a gyratory shaker in darkness at 25 DC 
(see Section 2.2.3). After 10-12 days of shaking, the liquid culture was passed through a 500 J..lm 
sieve to obtain a cell suspension of single cells and cell dumps with not more than 2-3 cells. Prior to 
plating of cells the density was adjusted to 2xl05 cells/ml using settled cell volume as described in 
section 2.2.3. Two milliliters of this cell suspension was evenly plated onto filter paper (Whatman 
No.1) laid onto the medium containing the selection' agent in Petri dishes (see Section 2.2.2). 
3.2.4. Growth measurements 
Fresh weight of cells was measured at the end of the incubation period by gently scraping the cells 
from the filter paper and weighing to the nearest 1 mg. Cell colonies were recorded by counting 
them individually under a magnifying lens (xl 0). Initial weights of large (60-70 mg) and small (40-50 
mg) calluses, and the shoot segments used for callus and shoot formation were measured by weighing 
the Petri dish before and after the inoculation of these plant materials. At the end of the incubation 
period, similar measurements were recorded before and after removing the plant material from the 
Petri dish to assess the final fresh weight. 
3.2.5. Regeneration of plants 
Plants were recovered either via spontaneous embryogenesis or organogenesis from callus of resistant 
variants. Embryos were soaked in 1 mgtl GA3 for 10 minutes before transferring to MS basal medium 
for germination (Chen et al., 1997). Plants were maintained in MS medium supplemented with 1 
mgtl kinetin and 200 mgtl L-glutamine, at 25 DC, under cool-white fluorescent lamps (70 
J..lmol/m2/sec) with a 16-hour photoperiod. When required, shoot segments of 1.5 cm length with 1-
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2 nodes were laid horizontally in the same medium used for maintaining plants. Exflasking of plants 
to the soil in the greenhouse was carried out as described by Abernethy and Conner (1992). 
3.3. Results 
3.3.1. Growth response of asparagus cell cultures to chlorsulfuron 
Initial experiments on the growth response of plated cells to a wide range of chlorsulfuron 
concentration (0-1 j.tM) in the medium established, that the effective range inhibiting asparagus cell 
.' 
growth was between 2-10 nM. A further dose-response experiment for the growth of plated cell 
suspensions over this narrow concentration range is illustrated in figure 3.1. A consistent result was 
obtained after repeating the experiment twice, with 8 nM chlorsulfuron being identified as the lowest 
concentration that completely inhibited the growth of wild type asparagus cells. 
3.3.2. Branched-chain amino acids alleviate chlorsulfuron toxicity 
To confirm that the appropriate biochemical block was being targeted in the asparagus cell cultures, 
the influence of branched-chain amino acids (leucine, isoleucine and valine) on chlorsulfuron toxicity 
was investigated. A significant reduction of cell growth was recorded at all concentrations of 
chlorsulfuron, which was partially restored by the addition of amino acids (Table 3.1). 
3.3.3. Selection of putative chlorsulfuron-resistant variants 
In order to select rare herbicide-resistant asparagus cell colonies, a direct selection strategy was 
imposed on plated cells at a density of 4x1 05 cells/Petri dish on the culture medium supplemented 
with 8 nM chlorsulfuron. Cell selection was imposed on 124 plates in 5 independent experiments 
(Table 3.2). Rare, putative-resistant cell colonies became visible in about 2 weeks after plating and 
44 
the remainder of the wild type cells, unable to grow in the presence of chlorsulfuron turned light 
brown as early as 10 days after inoculation (Figure 3.2). A few cells began to enlarge, possibly 
through cell expansion, but did not exhibit continuous growth as observed for the rare cell colonies. 
The number of putative-resistant cell colonies per Petri dish ranged from none to five. In total, 165 
resistant colonies were selected from the 124 Petri dishes (Table 3.2). These cell colonies were 
allowed to grow until they reached about 5 mm in diameter (4-6 weeks) (Figure 3.2). 
3.3.4. Characterization of resistant cell colonies 
All 165 rare cell colonies isolated from the selection experiments were screened for herbicide 
resistance. Each cell colony was characterized by dividing into two equal portions; one half was 
cultured on non-selection medium and the other half on selection medium. Only 141 of the 165 
selected colonies grew well on both media, whereas the remaining 24 cell colonies failed to grow on 
the selection medium (Table 3.2). These latter cell colonies were considered as escapes through the 
initial selection and therefore discarded. All 141 putatively resistant variants were maintained as 
callus and subcultured twice in non-selection medium, each for a period of 3 weeks. At the end of 
this subculture period, they were re-challenged with herbicide to distinguish between' the 
physiologically adapted, unstable variants and the stable herbicide-resistant variants. Of these 141 
variants, 98 were classified as unstable variants since they did not survive the re-challenge in the 
selection medium (Table 3.2). The remaining 43 variants'were classified as having stable herbicide 
resistance as they continued to grow in both selection and non-selection media. 
3.3.5. Regeneration of plants from chlorsulfuron-resistant variants 
Immediately after characterization, callus of the resistant variants was transferred to non-selective 
culture medium for plant regeneration. Plants were recovered from the resistant variants via 
spontaneous embryogenesis or organogenesis. Those derived via organogenesis required a longer 
45 
period for development into whole plants compared to those via embryogenesis. Regeneration was 
possible for 36 of the 43 stable-resistant variants, although some showed definite morphological 
abnormalities such as: sudden die-back of shoots after a short period of rapid growth; stunted shoots 
with a tendency to produce a large mass of callus at their base; and plants with fragile, succulent 
shoots. Complete plants with healthy mini-crowns were obtained from 15 resistant variants. Only 
one of these resistant variants (R-45) multiplied through embryo proliferation, shoot segments and 
mini-crowns at the growth rate equivalent to the original wild type. The other variants could only be 
slowly micropropagated by in vitro division of the mini-crowns . 
. ' 
3.3.6. Stability of resistance 
Callus cultures of the stable-resistant variants were maintained by subculture, once in every 4-5 
weeks. Some callus lines deteriorated over the course of time. Of the remaining 36 resistant lines, 
only two showed loss of resistance after a period of one year maintenance on non-selection medium. 
Secondary callus cultures were initiated from the regenerated shoots of all15 variants that developed 
into complete plants. The majority of' the secondary callus cultures retained resistance to 
chlorsulfuron. Three of the resistant variants (R-55, R-70 and R-95) showed poor secondary callus 
growth performance in the selection medium, similar to the growth performance of wild type callus 
in the selection medium. 
Growth response of different plant materials such as plated cells, callus and shoot segments of R-45 
and the wild type were compared at the selective chlorsulfuron concentration (8 nM) and in 
chlorsulfuron-free medium (Table 3.3). Wild type cells, calluses and shoot segments producing callus 
showed significant reduction in fresh weight when grown in the presence of chlorsulfuron, whereas 
no significant differences were observed in the resistant variant, R-45. However, shoot segments 
producing shoots did not differ significantly in both R-45 and the wild type in the presence and 
absence of the herbicide. 
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A dose response experiment was therefore performed on shoot cultures over a higher concentration 
range of chlorsulfuron. In this manner, the shoot growth response from single nodal shoot segments 
derived from greenhouse grown plants was compared for the wild type and R-45 (Figure 3.3). The 
sensitive wild type gave rise to green shoots in 8 nM chlorsulfuron in the medium. Ferns exhibited 
symptoms of chlorosis and the shoots were severely stunted in 40 nM chlorsulfuron. Higher 
chlorsulfuron concentrations of 80 nM and above were lethal to the wild type shoot segments. In 
contrast, R-45 produced normal, green shoot formation up to 80 nM. A slower growth of shoots was 
observed compared to the shoots in chlorsulfuron-free medium at 160 nM, although the young 
shoots remained green. 
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Table 3.1. Growth inhibition of plated asparagus cells in varying concentrations of 
chlorsulfuron and their growth compensation with branched-chain amino 
acids. 
Chlorsulfuron concentration 
(nM) 
4 
6 
8 
Amino acid supplements 
+ 
+ 
+ 
Fresh weight (g/Petri dish) 
0.54 ± 0.03 
0.78 ± 0.05* 
0.28 ± 0.02 
0.46 ± 0.03** 
0.06 ± 0.01 
0.25 ± 0.02*** 
Amino acids leucine, isoleucine and valine (each 1 mM) were included in the medium as specified in 
section 3.2.2. Cells were plated at a density of 4xl05 cells/Petri dish and incubated for six weeks at 25 DC 
in darkness. Figures represent mean ± SEM for five replicates. *, ** and *** represent a significant 
difference at the 5 %, 1 % and 0.1 % probability levels respectively as determined by a paired t-test 
between pairs of with and without amino acids at each chlorsulfuron concentration. The corresponding 
fresh weight of plated cells grown in the absence of chlorsulfuron was 1.65 ± 0.31. 
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Table 3.2. Summary of selection experiments in asparagus genotype CRD 168. 
Experiment Total 
II III IV V 
No. of inoculated Petri dishes 5 12 38 24 45 124 
No. of isolated cell colonies 10 14 51 89 165 
No. of escapes 0 1 5 7 11 24 
No. of unstable variants 0 7 6 32 53 98 
No. of stable-resistant variants 2 3 12 25 43 
Recovery of resistant cell colonies 0.50 0.42 0.20 1.25 1.38 0.86 
(per 106 cells) 
Each Petri dish was inoculated with 4x105 cells. Cell colonies were immediately characterized and the 
escapes and unstable variants were discarded (see Section 4.3.4). Stable-resistant variants were 
maintained as callus in herbicide-free medium. 
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Table 3.3. Comparison of growth response of different plant materials obtained from the 
wild type asparagus (CRD 168) and the resistant variant (R-4S) in the presence 
and absence of 8 nM chlorsulfuron. 
Plant material Fresh weight (g/Petri dish) 
CRD 168 R-4S 
Chlorsulfuron (nM) 
.' 
0 8 0 8 
Plated cells 1.34 ± 0.13 0.04 ± 0.003'" 1.74±0.16 1.49 ± 0.13"' 
Large callus 0.62 ± 0.03 0.34 ± 0.01' 2.06 ± 0.27 1.97 ± 0.07"' 
SmaU callus 0.34 ± 0.02 0.13 ± 0.01" 0.96 ± 0.09 0.86 ± 0.08"' 
Callus formation from 0.05 ± 0.006 0.02 ± 0.001' 0.07 ± 0.006 0.06 ± 0.005"' 
shoot segments 
Shoot formation from 0.22 ± 0.04 0.20 ± 0.03"' 0.24 ± 0.03 0.22 ± 0.03"' 
shoot segments 
Plant materials for the formation of cells, callus and shoots were derived from similar growth stages for the 
wild type and R-45. *, ** and *** represent a significant difference at the 5 %, 1 % and 0.1 % probability 
levels respectively as determined by a paired t-test; ns - not significant. Figures represent mean ± SEM of 
five replicates. 
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Figure 3.1. 
4 6 8 10 
Chlorsulfuron concentration (nM) 
Effect of chlorsulfuron on fresh weight (.) and cell 
colony formation (0) of plated asparagus cells. 
Cells were plated at a density of 4x105 cells/Petri dish and 
incubated at 25 DC in darkness for six weeks. Each graphed 
point represents the mean of five replicates and the vertical 
bars indicate ± SEM. 
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medium containing 8 nM chlorsulfuron. 
The Petri dish was seeded w ith 4x10J asparagus ce lls and 
photographed after 4 weeks of incubation. 
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Chlorsulfuron concentration (nM) 
Dose response curve of shoot fresh weight of the wild 
type (.) and the chlorsulfuron-resistant R-45 (0). 
Shoot segments were obtained from greenhouse grown plants. 
Fresh weight measured after four weeks of culture period. 
Graphed points represent the mean of five replicates. Vertical 
bars indicate ± SEM. 
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3.4. Discussion 
To enhance somatic cell selection in asparagus, culture conditions that allow the rapid induction of 
highly friable callus, the initiation of cell suspension cultures and the methods for reliably plating cells 
at predetermined densities were initially established (see Chapter II). This system was used for 
isolating chlorsulfuron-resistant variants via direct cell selection from the susceptible, wild type 
asparagus cells in this study. 
Generally, the appropriate concentration of the sele~tion agent discriminates the variant cells or plant 
tissues with the desired character from the wild type. The appropriate concentration of the selection 
1--
agent can vary with species, plant material used for selection and the selection method used to 
, 
isolate the resistant variants. For callus cultures of flax Uordan and McHughen, 1987) and tobacco 
(Chaleff and Ray, 1984), 100 nM and 5.6 nM chlorsulfuron was used as selection concentrations 
respectively. Issaka et al. (1993) imposed 20 nM chlorsulfuron for protoplasts of rapeseed, whereas 
Swanson et al. (1988) used 8.4 nM chlorsulfuron for rapeseed microspores. To determine the lowest 
chlorsulfuron concentration that completely inhibited the growth of plated wild type asparagus cells, 
the growth response of the cells between 2-10 nM chlorsulfuron was studied (Figure 3.1), after a 
series of experiments with a wider concentration range from 0-1 11M. Cells of asparagus genotype 
CRD 168 were sensitive to chlorsulfuron and readily turned brown within a few days of incubation in 
the presence of 8 nM concentration and above. In this study, 8 nM was considered as the toxic 
concentration for selection and characterization experiments to isolate chlorsulfuron-resistant variants 
of asparagus. 
The addition of branched-chain amino acids leucine, isoleucine and valine to the culture medium 
reduced the growth inhibition of plated cells by chlorsulfuron (Table 3.1). This agrees with the study 
by Chaleff and Mauvais (1984), who established that the toxicity of chlorsulfuron in tobacco, which 
interferes with the biosynthesis of branched-chain amino acids, could be reversed by exogenous 
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supply of these amino acids. It is possible that the addition of higher concentrations of amino acids 
could have further improved asparagus cell growth in the presence of the herbicide under the 
experimental conditions used. Nevertheless, the results show that the target site for chlorsulfuron in 
asparagus is the same biochemical pathway described for other plants (Ray, 1984). 
A large-scale cell selection, consisting of 124 Petri dishes, each seeded with 4x10s asparagus cells 
yielded 43 stable chlorsulfuron-resistant variants (Table 3.2). Continuous cell or tissue culture for an 
extended period enhances the frequency of genomic rearrangements. The increased genetic 
variability can playa key role in recovering novel ~utants. However, a compromise needs to be -
achieved to reduce the time of in vitro maintenance of cells or tissue after the selection procedure to 
minimize the occurrence of further genetic variation mainly due to prolonged maintenance of in vitro 
culture. Therefore, recovery of mutant plants requires a delicate balance between initiation of cell 
selection and the recovery of resistant mutants and the subsequent plant regeneration, befme the 
latter is adversely affected due to extended culture periods. 
In this study, it required about 24 weeks to recover chlorsulfuron-resistant variant plants from callus 
initiation. Although, considerable time variation (6-14 weeks) was-obselVed for different variants 
during the regeneration of resistant plants, of the 43 chlorsulfuron-resistant variants, 15 produced 
whole plants, showing a reasonable rate of plant regeneration. This is largely attributed to the 
appropriate cell culture techniques developed in asparagus (see Chapter II), where further 
possibilities of the use of somatic cell selection in asparagus breeding can be realized. 
Mutagens including ethylmethane sulfonate (EMS) (Haughn and SomelViile, 1986), ethylnitrosourea 
(ENU) (Chaleff and Ray, 1984), UV rays (Harms and DiMaio, 1991) and gamma rays (Swanson et a/., 
1988) have been commonly used to recover herbicide-resistant mutants in other plants. However, in 
asparagus cell selection, the frequency of recovering chlorsulfuron-resistant variants has ranged from 
0.2-1.38 for every million cells plated (Table 3.2). In vitro induced variability becomes necessary 
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under situations where there is a lack of availability of the desired character or to increase the 
frequency of recovering mutants for specific purposes. It appears that in asparagus there is adequate 
frequency of isolating naturally occurring chlorsulfuron-resistant variants without using mutagens. 
The characterization strategy used for herbicide resistance on the selected cell colonies had two 
distinctive stages to confirm resistance in the variant cells. The first stage was immediately after 
selection of rare cell colonies and the second stage after two subcultures in non-selection medium. A 
total of 165 cell colonies were isolated from about 50 million cells over all five experiments. The 
frequency of recovery of unstable variants (60 %) was high compared to the frequency of resistant 
variants (26 %); however, this is a common phenomenon in large-scale cell selection experiments 
(Conner, 1986). 
Loss of resistance has been well documented after the isolation of herbicide-resistant variants (Chaleff 
and Parsons, 1978). In this study, among the 36 stable callus cultures, two showed loss of resistance. 
when they were re-challenged with chlorsulfuron after growth for one year in non-selection medium. 
Likewise, in secondary callus initiated from regenerated plants, another three resistant variants (R-55, 
R-70 and R-95) failed to grow in the presence of chlorsulfuron. This loss of resistance after passages 
through differentiation and dedifferentiation cycle is attributed to the origin of these variants being 
due to epigenetic events rather than mutational events (Conner, 1986). 
Even after establishing the optimum cell culture conditions, lack of reliable plant regeneration and 
the expression of the trait at whole plant level can largely limit the use of somatic cell selection for 
desirable characters in crop plants. Of the 43 resistant variants, 36 showed shoot regeneration. 
Although, whole plants were produced from 14 resistant variants with slow growth rates, a single 
resistant variant (R-45) exhibited a comparable plant growth performance with the wild type, 
retaining very high resistance to chlorsulfuron in cell culture (Table 3.3). 
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After the establishment of R-45 and wild type plants in the greenhouse, shoot segments were grown 
in the presence of chlorsulfuron in vitro. This established the first evidence of herbicide resistance 
being expressed at whole plant level in asparagus. The phytotoxicity symptoms were more 
prominent in the wild type. In contrast, R-45 required more than a 20-fold increase in chlorsulfuron 
concentration to inhibit the shoot growth compared to the wild type (Figure 3.3). 
Although there is limited documentation on the success of somatic cell selection for agronomic traits 
in crop plants (Chaleff and Parsons, 1978; Chaleff and Ray, 1984; Anderson and Georgeson, 1989; 
Miller and Hughes, 1980), this study was successful in using direct cell selection in asparagus that 
gave rise to whole plants with a novel trait. The determination of appropriate growth requirements 
and the careful development of culture methods (see Chapter II), as well as defining stringent 
selection conditions (Figure 3.1) for the initiation of somatic cell selection were all crucial for this 
success. 
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CHAPTER IV 
Cross resistance and biochemical characterization of chlorsulfuron-resistant 
variants in asparagus* 
4.1. Introduction 
Sulfonylurea herbicides such as chlorsulfuron are highly active with favourable environmental 
characteristics such as low mammalian toxicity and: low field use rates. These herbicides inhibit the-
enzyme acetohydroxyacid synthase (AHAS), resulting in decreased biosynthesis of branched-chain 
amino acids, leucine, isoleucine and valine (Ray, 1984). Inhibition of cell division is observed as an 
early response to these highly potent herbicides (Ray, 1989). Imidazolinones, pyrimidinyl 
thiobenzoates and triazolopyrimidines are other structurally unrelated .herbicides which share the 
same target enzyme (Shaner, 1991). 
Somatic cell selection for sulfonylurea-resistant mutants has been reported in a range of crops 
including Beta vulgaris (Saunders et al., 1992), Datura innoxia (Saxena and King, 1988), Daucus 
carota (Watanabe et al., 1988), Unum usitatissimum Uordan and McHughen, 1987) and Nicotiana 
tabacum (Chaleff and Ray, 1984; Harms and DiMaio, 1991; Caretto et al., 1993). However, no 
success has been reported for perennial crops such as .asparagus <Asparagus officinalis L.). Long 
culture periods (Curtiss et al., 1987) and lack of appropriate selection conditions Uullian, 1985) have 
been major limitations to the isolation of asparagus mutants from cell cultures in the past. A cell 
culture system suitable for somatic cell selection in asparagus and the selection, characterization and 
regeneration of asparagus plants from chlorsulfuron-resistant cell colonies are described in chapters II 
and III respectively. 
·Part of this chapter published in the Proceedings of the fourth Asia-Pacific Conference on Agriculture Biotechnology, 
(199B): 353-355-see List of Publications (Appendix 2.1). 
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The utilization of plant cell and callus cultures offers a rapid, uniform and reproducible experimental 
system to study the effects of herbicides. AHAS inhibiting herbicides are eminently suitable for such 
studies as their target site is at the enzyme level. In this chapter, the degree of resistance, cross 
resistance and AHAS enzyme activity of selected chlorsulfuron-resistant variants of asparagus are 
compared with the susceptible wild type callus. 
4.2. Materials and methods 
4.2.1. Plant material and culture conditions 
Asparagus genotype CRD 168, a female clone from Umbras I was used to isolate chlorsulfuron-
resistant variants. Resistant cell colonies were maintained on callus induction medium (see Section 
2.2.1). The medium was autoclaved at 103 kPa for 15 minutes. Callus cultures were incubated in 
darkness at 25°C and subcultured every 3-4 weeks. 
4.2.2. Herbicide stock solutions 
Stock solutions of chlorsulfuron and metsulfuron methyl (sulfonylurea herbicides) and imazamox (an 
imidazolinone herbicide) were prepared and stored as reported by Haughn and Somerville (1986). 
Filter sterilized solutions of these herbicides were added ·to the autoclaved medium as required, in 
order to assess cross resistance and degree of resistance. 
4.2.3. Growth measurements 
Initial inoculum weight of the callus in these experiments ranged between 0.04-0.05 g and the final 
weight was recorded after 4 weeks. Growth response of callus was expressed in terms of relative 
growth [(final weight-initial weight)/initial weight). 
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4.2.4. AHAS enzyme assay 
AHAS enzyme was assayed in partially purified extracts of callus (obtained directly by subculturing 
resistant cell colonies) and secondary callus (obtained by initiating callus from the shoots of resistant 
plants) according to a slightly modified method reported by Singh et a/. (1988). Callus (1 g fresh 
weight) was homogenized in 3 ml cold extraction buffer, pH = 7.5 (Appendix 4.1) and 0.1 g 
polyvinylpolypyrrolidone (PVPP). Homogenate was centrifuged at 15,000 gat 4 dc. Extraction and 
ammonium sulfate precipitation (50 %) were performed at 4 dc. AHAS enzyme activity was assayed 
in a total volume of 1.13 ml at respective concenttations of chlorsulfuron. Herbicide was added to -
the reaction mix before incubation at 39°C for 1 hour and acetolactate was decarboxylated to 
acetoin with 6 N sulfuric acid at 60°C. Absorbance was measured at 530 nm and acetoin content 
quantified using a standard linear curve within the tested range (Appendix 4.2). Protein content was 
measured by the method of Bradford (1976). Activity of AHAS enzyme was determined relative to 
the untreated control (no herbicide) for each callus line. 
4.2.5. Statistical analysis 
All experiments were designed in a factorial completely randomized design with four replicates. Per 
cent data were subjected to Arcsine transformation before analysis of variance and least significant 
difference (LSDo.os) was used to compare treatment means.' 
4.3. Results 
4.3.1. Degree of resistance 
In the absence of chlorsulfuron, mean relative growth of the wild type callus was 3.68 which was 
significantly lower than the highly resistant variant, R-45 (mean relative growth, 17.55), and the other 
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resistant variants (mean relative growth range, 5.58-8.54). When the callus of the resistant variants 
was grown in the presence of chlorsulfuron, they showed a narrowing spectrum of growth response to 
the increasing chlorsulfuron concentrations (Figure 4.1). The sensitivity of the wild type asparagus 
callus was conspicuous as it readily turned brown in about 9-10 days in the presence of 8 nM and 
higher chlorsulfuron concentrations. This compared to the healthy appearance of the resistant 
variants, even when their growth was not significantly greater than the wild type callus at higher 
chlorsulfuron concentration. Of the six resistant variants, R-45 showed the highest relative growth 
and the least inhibition of relative growth across all the tested chlorsulfuron concentrations. Although 
the relative growth of the remaining resistant variants was reduced by chlorsulfuron, these variants -
retained significantly higher relative growth than the wild type up to 40 nM chlorsulfuron. Even at 
the highest concentration of 400 nM, calluses of R-37, R-45 and R-46 remained healthy compared to 
the other resistant variants and the wild type, which turned brown with no further growth. 
4.3.2. Cross resistance 
Response of the variant R-45 to imazamox (Figure 4.2a) was similar to its response to chlorsulfuron 
(Figure 4.1) and showed higher resistance to both of these herbicides compared to other resistant 
variants. The four resistant variants (R-37, R-45, R-63 and R-78) showed varying degrees of cross 
resistance to imazamox up to 40 nM. R-46 and R-119 were intrinsically sensitive to imazamox 
compared to other resistant variants, indicating a lack of cross resistance to this particular 
imidazolinone herbicide. In contrast to their response to imazamox, all six chlorsulfuron-resistant 
variants exhibited a lack of cross resistance to metsulfuron methyl across the tested concentrations 
(Figure 4.2b). In subsequent experiments, growth response of these resistant variants was tested at 
low concentrations ranging from 0-2 nM metsulfuron methyl. The results did not show any evidence 
for cross resistance to this particular sulfonylurea herbicide. 
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4.3.3. AHAS enzyme activity 
AHAS enzyme activity in partially purified extracts of the wild type callus ranged from 498-540 nmol 
acetoin/mg protein/h in the absence of chlorsulfuron and a similar range (502-556 nmol acetoin/mg 
protein/h) was observed in the callus and secondary callus (re-initiated from regenerated resistant 
asparagus plants) of the resistant variants. Activities of AHAS enzyme in the resistant variants and wild 
type callus followed a similar response to increasing concentrations of chlorsulfuron in both the 
original callus cultures (Figure 4.3) and the secondary callus cultures (Figure 4.4). In the sensitive wild 
" 
type, AHAS activity was strongly inhibited by the addition of 14 nM or higher concentrations of 
chlorsulfuron. An uninhibited AHAS enzyme activity was recorded for all resistant variants up to 140 
nM chlorsulfuron. The level of resistance in R-78 and R-119 started to decline at the highest 
concentration of chlorsulfuron (280 nM). 
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400 
Chlorsulfuron concentration (nM) 
Dose response curve of chlorsulfuron-resistant 
asparagus variants and the sensitive wild type (CRD 
168) to chlorsulfuron_ 
Graphed points represent the mean values of four replicates. 
Vertical bars indicate LSD(o.os)' 
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Chlorsulfuron concentration (nM) 
Response of AHAS enzyme from the original callus of 
six resistant asparagus variants and the sensitive wild 
type (eRD 168) to chlorsulfuron. 
Specific activities (nmol acetoin/mg protein/h) at each 
concentration were determined and expressed as per cent 
activity in the absence of chlorsulfuron. Values represent 
mean specific activity from four replicates. Vertical bars 
indicate LSD(o.os)' 
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Response of AHAS enzyme from the secondary callus 
of six resistant asparagus variants and the wild type 
(eRD 168) to chlorsulfuron. 
Specific activities (nmol acetoin/mg protein/h) at each 
concentration were determined and expressed as per cent 
activity in the absence of chlorsulfuron. Vertical bars represent 
LSD(o.os)· 
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4.3. Discussion 
Chlorsufuron-resistant variants of asparagus have been previously isolated through somatic cell 
selection techniques (see Chapter III). These variants were primarily regenerated via somatic 
embryogenesis. Callus tissue of these resistant variants was uniform and provided a suitable plant 
material to screen for the level of resistance to chlorsulfuron and cross resistance to other related 
herbicides, and to study the biochemical basis for resistance. 
Chlorsulfuron was very effective at inhibiting callus growth in the wild type asparagus, with visible 
symptoms appearing in 9-10 days. The resistant variants exhibited a range of response to different -
concentrations of chlorsulfuron (Figure 4.1). In the absence of the herbicide, the relative growth of 
callus in all resistant variants was higher than the wild type. Nevertheless, at 80 nM chlorsulfuron and 
above, R-63, R-78, R-119 and the wild type showed higher sensitivity to chlorsulfuron compared to 
other resistant variants. Therefore, the higher relative callus growth of the resistant variants in the 
absence of chlorsulfuron is not necessarily the basis for the observed resistance to chlorsulfuron. 
Cross resistance to other AHAS inhibiting herbicides is a common phenomenon in plants selected for 
increased resistance to one of these compounds (Shaner et al., 1990; Schloss et al., 1988). Studies 
with resistant mutants provide the evidence for non-shared binding domains within the AHAS 
enzyme for AHAS inhibiting herbicides. A plant resistant to sulfonylurea may not be resistant to 
imidazolinone, which indicates that the mutation caused a change only in the binding domain of 
sulfonylurea (Schloss and Aulabaugh, 1990). In contrast to the cross resistance of some chlorsulfuron-
resistant asparagus variants to imazamox, a lack of cross resistance to metsulfuron methyl was 
observed in all six variants (Figure 4.2b). Similarly, chlorsulfuron-resistant Beta vulgaris and Brassica 
napus showed lack of cross resistance to metsulfuron methyl (Hart et a/., 1992; Dastgheib et al., 
1996). Schloss et al. (1988) suggested that the lack of cross resistance may be due to the difference 
in their binding sites in the AHAS enzyme. Lack of cross resistance to metsulfuron methyl further 
supports the concept that the growth rate of callus did not contribute to the resistance to these AHAS 
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inhibitors. Cross resistance to imazamox, an imidazolinone herbicide, was evident only in four of the 
six resistant variants chosen for this study (Figure 4.2a). R-46 and R-119 were sensitive to imazamox 
and the relative growth and the colour of the callus in these two variants were similar to the sensitive 
wild type. Similar observations were also reported by Saxena and King (1988), who established that 
chlorsulfuron-resistant variants of Datura innoxia were sensitive to imazaquin (an imidazolinone 
herbicide). In another report, an imidazolinone-resistant maize line, showed differences in resistance 
not only between imidazolinones and sulfonylureas but also differences among imidazolinones 
(Newhouse et al., 1989). 
In most instances, resistance to AHAS inhibitors was due to the presence of an insensitive form of 
AHAS enzyme (Creason and Chaleff, 1988; Swanson et al., 1988) and in few instances this was due 
to an increased quantity of AHAS enzyme (Caretto et al., 1994; Harms et al., 1992). The results of 
the cross resistance experiments are consistent with the concept that the variable response among the 
six asparagus variants is attributed to varying mutational alterations of the AHAS molecule (Shaner et 
al., 1984; Anderson and Georgeson, 1986). Therefore, the sensitivity of the AHAS enzyme activity to 
chlorsulfuron was determined. In all six chlorsulfuron-resistant asparagus variants, chlorsulfuron-
insensitive AHAS activity was evident compared to the sensitive wild type. These observations were 
consistent for both callus cultures (Figure 4.3) and secondary callus cultures (Figure 4.4). This 
confirms that an insensitive form of AHAS enzyme rather than the high, initial growth rates in the 
resistant variants was the main reason for chlorsulfuron resistance. 
In this study, callus tissue from six chlorsulfuron-resistant variants in asparagus was assessed. Among 
these resistant variants the differences observed in their level of resistance, cross resistance and AHAS 
enzyme activity suggest the presence of an insensitive form of the AHAS enzyme. This is likely to be 
due to point mutations in different sites or multiple mutations in the AHAS gene, which is well 
documented in plants and microorganisms (Chaleff and Ray, 1984; Falco et al., 1989; Mazur and 
Falco, 1989). 
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CHAPTER V 
Biochemical and physiological basis of chlorsulfuron resistance in asparagus 
5.1. Introduction 
Sulfonylureas are an important class of herbicides with broad-spectrum activity, used as pre- and 
early post-emergence spray to control broad-leaved weeds. These herbicides are characterized by 
very low application rate and low mammalian toxicity (Beyer et al., 1988). Sulfonylureas inhibit -
acetohydoxyacid synthase (AHAS), a vital enzyme for the biosynthesis of acetohydroxyacids, 
acetolactate and acetohydroxybutyrate which are intermediates in the synthesis of branched-chain ',".--
, 
amino acids, leucine, isoleucine and valine (Bryan, 1980). 
From both the commercial and environmental standpoints, sulfonylureas offer an attractive weed 
control option, which has encouraged extensive research for generating crops resistant to AHAS 
inhibiting herbicides. Natural selectivity of sulfonylureas, including chlorsulfuron, is based on the 
rapid metabolic inactivation of the herbicide by the tolerant plant (Sweetser et al., 1982; Shaner and 
Mallipudi, 1991). However, an altered form of AHAS enzyme with less sensitivity to these herbicides 
has been reported as the primary basis for resistance in mutant plants deliberately selected for 
resistance to AHAS inhibiting herbicides (Chaleff and Ray, 1984; Saxena and King, 1988; Haughn et 
al., 1988). Other possible mechanisms of resistance to sulfonylurea include reduced uptake or 
translocation of the herbicide (Eberlein et al., 1989). 
Plant cell and tissue cultures offer a uniform environment for the effective selection of variants with 
resistance to herbicides (Conner and Field, 1995). In asparagus, rare herbicide-resistant variants 
,- - ~-" '-~-~-'-' --,..-- . 
were isolated by plating unmutagenized cell suspension cultures onto culture medium supplemented 
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with a concentration of chlorsulfuron lethal to wild type cells (see Chapter III). AHAS enzyme activity 
in the callus tissue of the selected resistant variants revealed high resistance to chlorsulfuron 
compared to the wild type (see Chapter IV). The plants regenerated from only one of these 
chlorsulfuron-resistant variant, R-45, exhibited similar growth performance to the wild type. The 
objective of this study was to compare the original wild type and the resistant line (R-45) at the whole 
plant level and to examine the possible mechanism(s) involved in their differential response to 
chlorsulfuron. 
5.2. Materials and methods .' 
5.2.1. Plant material and growth conditions 
Whole plants of asparagus, propagated from nodal shoot segments of CRD 168 (the wild type 
sensitive to chlorsulfuron) and R-45 (resistant to chlorsulfuron in cell culture) were grown in vitro. 
Plants were maintained in a medium containing MS salts, vitamins and sucrose (Murashige and 
Skoog, 1962), supplemented with 1 mgtl kinetin and 200 mgtl L-glutamine. The pH of this medium 
was adjusted to 5.6±0.1, prior to the addition of 0.7 % of bacteriological agar (Germontown) and 
autoclaved at 103 kPa for 15 minutes. Plants were grown at 25°C, under cool-white fluorescent 
lamps (70 Ilmol!m2/sec) with 16-hour photoperiod. 
In vitro plants were transferred to 20 cm diameter pots containing potting mix (Appendix 5.1) and 
were maintained in a controlled environment cabinet (20/10 °C day/night temperature, 12 hours day 
length, 300 Ilmol!m2/sec light intensity, 70 % relative humidity) for 20-25 days after which they were 
transferred to the greenhouse, with heating below 18°C and ventilation above 24 dc. 
70 
5.2.2. AHAS enzyme activity in the foliage of plants 
AHAS enzyme activity was measured in 0.2 g fresh foliage. On a dry weight basis this was equivalent 
in both tissue culture and greenhouse plants to 1 g fresh weight of callus used in section 4.2.4. 
Activity of AHAS enzyme was determined as described in section 4.2.4, in the presence of different 
chlorsulfuron concentrations. Each treatment consisted of four replicates and the experiment was 
repeated twice. 
5.2.3. Chlorsulfuron application to greenhouse plants 
Uniform, wild type and resistant plants were grown in the greenhouse by repotting similar sized (4-5 , \.-.-.-.---
cm diameter) crowns at 20 cm depth. Foliage was allowed to develop for 20 days before applying 
~ the herbicide. Glean (750 glkg chlorsulfuron) was sprayed at the recommended field rate of 15 g 
a.i./ha, using a CO2 pressurized sprayer, mounted with two teejet 8001 nozzles and with a delivery 
rate of 250 IIha spray volume at 275 kPa. The spray solution contained non-ionic surfactant Citowett 
at 0.25 mill. Chlorophyll content was determined by finely grinding asparagus foliage (0.1 g) in 1 ml 
of 90 % acetone (magnesium carbonate saturated) and centrifuging the samples at 5,000 rpm for 5 
minutes. Absorbencies were measured on the supernatant at 480 nm, 645 nm, 665 nm and 750 nm 
using a Unicam HeAiosa UV-Visible Spectrometer. Chlorophyll A, chlorophyll Band carotenoids 
were determined according to the equations of Strickland and Parsons (1972). 
5.2.4. Absorption and translocation of 14C-chlorsulfuron 
Tissue culture plants with 2-3 growing shoots (approximately 50 mm long) were used to study the 
absorption and translocation of 14C-chlorsulfuron with six replicates per treatment. Chlorsulfuron 
(carbonyl-'4C), specific activity 76.8 I-lCi/mg and radioactive purity of 99 % (Dupont New Zealand 
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Ltd.,) was formulated by dissolving in a Citowett solution (0.25 mill in deionized water) to give a final 
concentration of 0.05 IlCi in 10 Ill. This was approximately equivalent to the concentration of 
chlorsulfuron used in other experiments at the recommended rate of 15 g a.i./ha. 
Ten III 14C-chlorsulfuron was carefully placed on the tallest shoot as 10-12 droplets, using a micro 
syringe. Plants were harvested 12, 24 and 36 hours after treatment to determine the absorption of 
14C-chlorsulfuron. Treated foliage was detached and washed with 20 ml Citowett solution (0.25 
mill). One ml of this solution was added to 10 ml Bray's scintillation cocktail (Appendix 5.2) and the 
radioactivity was determined by liquid scintillation "spectrometry (Wallac 1409). Quenching for all 
samples was determined by the external standard method and counts were adjusted accordingly. 
Percentage of absorbed radioactivity was calculated as: 
applied radioactivity - radioactivity in the wash solution 
Absorption (%) = x 100 
applied radioactivity 
For the translocation study, plants were harvested 24 hours after treatment and partitioned into 
treated foliage, untreated foliage, roots and culture medium. Treated foliage was detached and the 
surface radioactivity was washed and measured as described above. Plant sections were freeze 
dried, weighed and frozen at -18 DC until used for combustion in a sample oxidizer (R.J. Harvey, OX-
300). During the process of complete combustion, radioactivity was trapped as 14C02 in 12 ml of 
14C-cocktail (R.J. Harvey Co.) and the radioactivity determined by liquid scintillation spectrometry. 
The oxidizer was calibrated using a commercial 14C-labelled radioactive organic standard solution 
(Packard Spec Chec). The distribution of radioactivity in treated foliage, untreated foliage, roots and 
medium was determined as per cent of the total radioactivity recovered in the plant and the culture 
medium. 
72 
5.2.5. Metabolism of 14C-chlorsulfuron 
In vitro plants were treated with 10 III 14C-chlorsulfuron as described above and harvested 12 and 36 
hours after treatment with six replicates per treatment. Metabolism of chlorsulfuron was assessed 
according to Foley (1986) with a few modifications. Treated foliage was detached and washed to 
remove unabsorbed herbicide as described earlier. Radioactivity in the entire plant (excluding the 
culture medium) was extracted by homogenizing the plant material using a mortar and pestle in 5 ml 
of 80 % acetone and centrifuged at 10,000 g for 10 minutes. The supernatant was vacuum dried in 
a speed vac concentrator (Savant SVA-200H) and r~-suspended in 40 III of 80 % acetone. Thirty III 
of this concentrated supernatant was spotted on a 20 x 5 cm thin layer chromatography (TLC) plate 
(T-7270, 250 Ilm thickness, Sigma Chemical Company). A sample of 5 III of resuspended extract 
was added to 10 ml Bray's solution to determine the radioactivity by liquid scintillation spectrometry. 
Radioactivity found in plant residues was negligible indicating an effective extraction procedure. 
Chlorsulfuron and its metabolites were separated on the plates developed with a 16 cm solvent front 
in ethyl acetate: acetic acid (19:3, v:v) solvent system. These plates were air dried and scanned by a 
radiochromatogram scanner (Packard 7201) and different metabolite peaks were identified on the 
scanner output in order to calculate refraction (Rf) values. 14C-chlorsulfuron was also spotted on 
separate TLC plates and radiochromatographed in an identical manner and its Rf value was 
determined. 
5.2.6. Retention of chlorsulfuron 
Retention of chlorsulfuron on the foliage of greenhouse-grown asparagus was determined according 
to the method described by Richardson (1984). Fluorescein was used as a tracer to measure the 
amount of spray solution retained on the foliage. Plants were sprayed at a rate of 15 g a.i./ha 
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chlorsulfuron as described in section 5.2.3. In addition, the herbicide solution contained 0.05 gil 
fluorescein dye with 0.25 mill Citowett surfactant. Ten replicates of each line were used in the 
experiment. The tracer was washed off from the surface of the foliage after 15 minutes by shaking in 
5 mM sodium hydroxide (30 ml) in a 100 ml Erlenmeyer flask for 30 seconds. The washings were 
filtered through glass micro-fibre discs (Whatman GF/C) and the concentration of fluorescein was 
measured in the samples by fluorimetry (Schimadzu RF-540 spectrofluorophotometer). The 
excitation and emission wavelengths were 495 and 515 nm respectively. A linear standard curve was 
fitted within the tested concentration range from which the amount of dye in wash solution was 
determined (Appendix 5.3). Leaf area measuremen"is (U-COR 3100) and the dry weights (oven dried 
at 70 O( overnight) of the foliage samples were recorded. 
5.2.7. Epicuticular wax measurement and scanning electron microscopic analysis 
The amount of epicuticular wax deposits was measured in the young plants of asparagus according to 
the method followed by Kolattukudy (1975). Foliage of asparagus (0.1 g) (six replicates per 
treatment) were placed in a pre-weighed 1.5 ml microfuge tube and vortexed for 30 seconds after 
the addition of 1 ml Analar chloroform. Ferns were removed immediately and the tubes were kept 
open overnight in a fume cupboard for solvent evaporation. The microfuge tubes were re-weighed 
to determine the amount of epicuticular wax. For scanning electron microscopy, foliage from in vitro 
and greenhouse plants were carefully detached and immediately freeze dried, mounted on stubs and 
double coated with gold. Distribution and structure of the epicuticular wax on the leaf surface were 
viewed and micrographed using aU-COR 4405 Scanning Electron Microscope. 
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5.3. Results 
5.3.1. AHAS enzyme activity in the foliage of plants 
AHAS enzyme activity was assayed in partially purified extracts from the foliage of in vitro cultured 
and greenhouse-grown plants over a range of chlorsulfuron concentrations. The experiment was 
repeated twice and as the results were consistent, data from one representative experiment is 
presented. The enzyme activity exhibited a similar response in the tissue culture and the greenhouse 
plants for both the wild type and R-45 (Figure 5.1 ):. A significant enzyme inhibition was observed in 
the wild type at the lowest chlorsulfuron concentration tested (28 nM), whereas AHAS activity from 
R-45 remained uninhibited up to 70 nM chlorsulfuron with a slight reduction at higher 
concentrations (280 nM). 
5.3.2. Chtorsulfuron application to greenhouse plants 
Chlorosis was observed in asparagus foliage in both the wild type and the resistant lines within 10 
days of spraying with chlorsulfuron. Over the following five days pronounced chlorotic symptoms 
became evident. This was reflected in the content of chlorophylls and carotenoids of the treated 
foliage (Table 5.1). In CRD 168 and R-45, chlorophyll A, chlorophyll Band carotenoids showed a 
significant reduction after the herbicide application; this was especially evident for chlorophyll B. 
5.3.3. Absorption of 14C-chlorsulfuron 
Foliar absorption of 14C-chlorsulfuron was rapid over the first 24 hours but then reached a plateau in 
both R-45 and the wild type (Figure 5.2). R-45 absorbed at least 30 % more chlorsulfuron compared 
to the wild type at all time points measured. 
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5.3.4. Distribution and translocation of 14C-chlorsulfuron 
Total recovery of radioactivity was more than 95 % of the applied 14C-chlorsulfuron. There was no 
difference between the wild type and the resistant plants in the proportion of radioactivity 
translocated from the treated foliage (Table 5.2). The least amount of radioactivity was recovered 
from the culture medium in which the plants were grown. About 12 % and 1.5 % of the radioactivity 
was recovered from the untreated foliage and the roots respectively in the sensitive wild type and the 
resistant plants within 24 hours of treatment. .' 
5.3.5. Metabolism of 14C-chlorsulfuron 
The wi Id type and R-45 showed similar capacity to detoxify chlorsulfuron Mter 12 and 36 hours of 
treatment (Figure 5.3). The increase in per cent metabolism was less than 10 % between 12 and 36 
hours. Pure chlorsulfuron was chromatographed at Rr=0.83. Unidentified metabolites were 
observed at Rr=0.76 and 0.30. 
5.3.6. Retention of chlorsulfuron 
Spray retention of chlorsulfuron was examined in the foliage of greenhouse-grown wild type and the 
resistant plants. Foliar retention, detected with the help of fluorescein dye showed that R-45 
retained 33.5 and 49.5 % more chlorsulfuron per unit leaf area and on a dry weight basis 
respectively, compared to the sensitive wild type (Table 5.3). 
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5.3.7. Quantity and the distribution of epicuticular wax on the leaf surface of the wild type 
and the resistant plants 
The amount of epicuticular wax deposits varied markedly between plants grown under tissue culture 
and greenhouse conditions (Figure 5.4). Regardless of the different growth conditions, wild type 
asparagus foliage contained significantly higher wax deposit compared to the resistant plants. The 
leaf surfaces of the wild type and the resistant plants were examined under scanning electron 
microscope. The arrangement, as well as the density of the wax deposits, showed a marked 
difference between the wild type and the resistant plants (Figure 5.5). The epicuticular wax deposits 
were more densely arranged on the leaf surface of the wild type plants than R-45. 
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Table 5.1. Chlorophyll and carotenoids contents (mglg fresh weight) of the asparagus 
foliage before and after the application of chlorsulfuron in the wild type and the 
resistant plants. 
Plant genotype and pigments 
CRD 168 (wild type) 
Chlorophyll A 
Chlorophyll B 
Carotenoids 
R-45 (resistant) 
Chlorophyll A 
Chlorophyll B 
Carotenoids 
Pigment content (mglg fresh weight) 
Before After t-test 
4.67 ± 0.03 4.47 ± 0.02 * 
6.16 ± 0.02 5.85 ± 0.02 ** 
2.11 ± 0.01 2.07 ± 0.01 * 
4.68 ± 0.02 4.42 ± 0.02 * 
6.21 ± 0.01 5.29 ± 0.01 ** 
2.19 ± 0.02 1.85 ± 0.02 ** 
Chlorsulfuron was applied at the rate of 15 g a.i./ha. Samples were assessed for chlorophyll and 
carotenoid contents before and 20 days after herbicide application. Figures represent the mean value of 
five replicates ± SEMi * and ** represent a significant difference at the 5 % and 1 % probability levels as 
determined by a paired t-test. 
78 
Table 5.2. Distribution of radioactivity (expressed as percentage of the total radioactivity 
recovered in plant and culture medium) 24 hours after the application of 14C_ 
chlorsulfuron in the wild type and the resistant plants. 
Area of distribution Wild type R-45 t-test 
Treated foliage 85.01 ±1.12 88.36 ± 2.68 ns 
Untreated foliage 12.09 ± 1~35 9.82 ± 2.04 ns 
. '
Roots 1.50 ± 0.25 1.46 ± 0.29 ns 
Culture medium 0.73 ± 0.07 0.71 ± 0.09 ns 
Plants were maintained in vitro until removal for radioactivity analysis. Figures are means ± SEM from six 
replicates; ns represents not significant at the 5 % probability level as determined by a paired t-test. 
Table 5.3. Chlorsulfuron spray retention by asparagus foliage in the wild type and the 
resistant plants. 
Retention Wild type R-45 t-test 
III spray/cm2 leaf area 6.51 ± 0.49 9.79 ± 0.87 ** 
III spray/g dry weight 63.98 ± 4.17 126.75 ± 6.37 *** 
Retention of chlorsulfuron was assessed 15 minutes after spray application. Figures represent the mean 
values ± SEM of eight replicates; ** and *** represent a significant difference at the 1 % and 0.1 % 
probability levels respectively as determined by a paired t-test. 
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Figure 5.5. 
In vitro· WT I n vitro· R·45 
Greenhouse· WT Greenhouse· R·45 
Arrangement and distribution of epicuticular wax deposits in the wild 
type (WT) and the resistant (R·45) plants grown in vitro and greenhouse 
under scanning electron microscope (magnification x 2000). 
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5.4. Discussion 
In chapter IV, six chlorsulfuron-resistant variants were tested for their degree of resistance to 
chlorsulfuron, cross resistance to other sulfonylurea herbicides and their AHAS enzyme activity in 
callus tissue. The resistant variant R-45 exhibited the highest resistance to chlorsulfuron and an 
imidazolinone herbicide (imazamox), as well as the highest AHAS enzyme activity in the presence of 
chlorsulfuron. It was also the only resistant variant which showed similar growth performance at 
whole plant level to the wild type (CRD 168) from which it was derived. In this chapter, the wild 
type and the chlorsulfuron-resistant line R-45 were"further investigated to compare the biochemical -
and physiological basis for their response to chlorsulfuron at whole plant level. 
The level of chlorsulfuron resistance in the AHAS enzyme was much higher in R-45 than the wild 
type, both in tissue culture and greenhouse-grown plants (Figure 5.1). The enzyme activity was 
reduced by 50 "/0 in the wild type at 70 nM chlorsulfuron whereas R-45 showed only 5 "/0 reduction 
in enzyme activity at this concentration. R-45 continued to show less sensitivity up to 280 nM 
chlorsulfuron, the highest concentration tested. This suggests the resistance occurs at the site of 
herbicidal action due to a less sensitive form of the AHAS enzyme molecule in R-45, as reported in 
other crop mutants developed for resistance to chlorsulfuron and other AHAS inhibiting herbicides 
(Sebastian et a/., 1989; Swanson et a/., 1988; Harms et al., 1991). 
Results from the greenhouse experiment on the comparative effects of chlorsulfuron spray 
application established that the wild type and R-45 suffered a similar extent of chlorosis throughout 
the experiment (Table 5.1). In this study, chlorophyll and carotenoid contents were used as a 
convenient measure to quantify chlorosis in asparagus foliage. Since R-45 exhibited a high level of 
resistance in callus tissue (see Chapter IV) and in whole plants based on AHAS enzyme activity 
(Figure 5.1), the observed sensitivity to a foliar spray of chlorsulfuron onto whole plants was 
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surprising. Therefore, a detailed comparative study of absorption, translocation, metabolism and 
retention of chlorsulfuron was conducted in the foliage of R-45 and the wild type asparagus. 
Translocation from the treated foliage of 14C-chlorsulfuron was similar in both the wild type and the 
resistant asparagus plants based on the radioactivity recovered from the plants (including the culture 
medium) (Table 5.2). Of the recovered 14C-chlorsulfuron, only very little radioactivity was observed 
in the root, untreated foliage and the medium in the wild type and R-45, which is not unusual in 
chlorsulfuron treated plants such as Canadian thistle (Cirsium arvense) (Petersen and Swisher, 1985) 
and perennial sowthistle (Sonchus arvensis) (Devine and Vanden-Born, 1985). Moreover, the 
extensive physiological studies on sulfonylurea in both resistant plants and tolerant weed biotypes 
attribute a limited role to translocation and absorption as the basis for resistance to sulfonylurea 
herbicides (Shaner, 1991). 
The primary basis for selectivity of sulfonylurea herbicides between taxonomic groups is the 
differential rate of herbicide metabolism. The metabolism is much slower in susceptible species 
compared to tolerant species (Sweetser et al., 1982). Although individual chlorsulfuron metabolites 
detected on the TLC plates were not identified in this study, the results indicate that the rate of 
herbicide degradation was similar in the wild type and R-45 (Figure 5.3). Therefore, the varying 
response of the wild type and R-45 cannot be accounted for by differential translocation, distribution 
or metabolic degradation of the foliar applied 14C-chlorsulforon. 
Chlorsulfuron is readily absorbed by both foliage and roots and moves systematically within plants 
(Ray, 1982). Absorption of 14C-chlorsulfuron during the first 24 hours was rapid in asparagus, 
showing a substantially greater uptake of the herbicide in R-45 than the wild type (Figure 5.2). The 
same observation was apparent up to 36 hours after herbicide application. R-45 retained a higher 
amount of chlorsulfuron spray than the wild type foliage. A higher foliar absorption of chlorsulfuron 
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in R-45, together with a higher retention of the herbicide (approximately double the amount retained 
by the wild type on a dry weight basis) (Table 5.3) provides a plausible explanation for the sensitivity 
of this variant to chlorsulfuron sprays on whole plants. Analysis of leaf surface under scanning 
electron microscope revealed distinct differences in the density and arrangement of epicuticular 
waxes between the wild type and R-45 both in tissue culture and greenhouse-grown foliage (Figure 
5.5). As expected the amount of epicuticular wax was considerably lower for plants grown in tissue 
culture conditions than in the green house (Figures 5.4 and 5.5), which is consistent with previous 
studies (Conner and Thomas, 1982). Cuticular wax is considered as a major barrier controlling the 
movement of molecules including water, nutrients" and pesticides across the plant cuticle (Riederer-
and Schreiber, 1995). The lower amount of epicuticular waxes on the foliage of R-45 would have 
reduced the tendency for herbicide run-off upon spray application. This provides an explanation for 
the higher retention of foliar applied chlorsulfuron in the R-45 asparagus variant. Moreover, a lower 
amount of epicuticular wax presents a weaker barrier to penetration of aqueous herbicide solutions, 
which explains the higher absorption of 14C-chlorsulfuron by the foliage of R-45. 
Although somatic cell selection can be used in plants to isolate variants with desirable traits, the 
resulting variants may also exhibit unpredicted phenotypic or genetic changes due to other 
somaclonal events arising in cell culture. In this study, the chlorsulfuron-resistant variant isolated 
from asparagus cell culture also had reduced epicuticular waxes (Figures 5.4 and, 5.5). The 
chlorsulfuron resistance can be attributed to the expression of AHAS enzyme in callus, tissue culture 
and greenhouse foliage that was insensitive to chlorsulfuron (Chapter IV and Figure 5.1). The 
observed changes in epicuticular wax are highly unlikely to be associated with any changes in AHAS 
enzyme. A plausible explanation is that two independent somaclonal events may have occurred 
during the isolation of R-45 in cell culture: the selected resistance of the enzyme to chlorsulfuron and 
the unselected changes in wax deposits resulting in increased retention and absorption of foliar 
applied chlorsulfuron in whole plants. The absorption of more chlorsulfuron would have possibly 
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exceeded the resistance limits of the AHAS enzyme, therefore the 'chlorsulfuron-resistant R-4S' 
showed phytotoxicity symptoms following herbicide application. 
Isolation of chlorsulfuron resistance in asparagus cell culture clearly offers a valuable approach for the 
development of herbicide-resistant plants. However, it is unlikely that the resulting resistant plants 
will retain the entire range of agronomic characteristics required to be a successful cultivar. Assuming 
chlorsulfuron resistance and reduced epicuticular waxes are independent traits, it would be desirable 
to follow a classical breeding approach to separate these two traits and recover a sulfonylurea 
resistant asparagus line at the whole plant level. .' 
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CHAPTER VI 
Direct cell selection for chlorsulfuron resistance in elite asparagus genotypes* 
6.1 . I ntrod uction 
Plant cell culture systems have been efficiently used for the isolation of resistant mutants to a range of 
herbicides in recent years (Newhouse et a/., 1991; Saunders et a/., 1992; Taylor et a/., 1989; 
Wrather and Freytag, 1991). Resistant cells which are isolated from a large population of wild type 
cells, allow for greater selection efficiency than the selection systems with whole plants (Conner and 
Field, 1995). Development of new herbicides for minor crops such as asparagus does not appear 
economical due to the low extent of cultivation compared to crops such as cereals, corn and 
soybean. An alternative approach is to develop resistance to a herbicide with favorable 
environmental and toxicity profiles that can effectively control weeds in asparagus fields (Conner and 
Field, 1995). Sulfonylureas are highly potent herbicides with low mammalian toxicity (Ray, 1984; 
Moberg and Cross, 1990). These herbicides inhibit the acetohydroxyacid synthase (AHAS) enzyme 
which catalyzes an early step in the biosynthesis of branched-chain amino acids (Chaleff and 
Mauvais, 1984). Chlorsulfuron, the first herbicide in the sulfonylurea group is considered a suitable 
candidate to develop resistance in a sensitive perennial crop such as asparagus. 
A cell culture system for effective somatic cell selection in an asparagus genotype, which was highly 
amenable to cell culture, has been developed (see Chapter II). From this model asparagus genotype, 
chlorsulfuron-resistant plants were isolated and AHAS enzyme was assayed. The AHAS assay results 
and the evaluation of in vitro and greenhouse-grown plants confirmed resistance to chlorsulfuron (see 
*Part of this chapter published in the Abstracts of the New Zealand Branch of the International Association for Plant 
Tissue Culture Conference, (1999): 28 -see List of Publications (Appendix 2.1). 
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Chapters III, IV and V). Since the original asparagus genotype showed limited horticultural merit, this 
study was extended to isolate, characterize and regenerate plants for chlorsulfuron resistance from 
two elite asparagus genotypes to realize the benefit of chlorsulfuron resistance in asparagus 
cultivation. 
6.2. Materials and methods 
6.2.1. Plant material and culture conditions 
Clone X (a male Superclone from Umbras 10) and CRD 74 (the female parent ofthe hybrid Taramea, 
originally selected from Mary Washington) were the two asparagus genotypes used to isolate 
chlorsulfuron-resistant variants in this study. Cell culture initiation, plating of cells in the selection 
medium, isolation and characterization of resistant variants and regeneration of resistant plants were 
carried out as previously described (see Section 3.2). 
6.2.2. Resistance in shoot cultures derived from greenhouse plants 
Shoots from greenhouse-grown plants were surface sterilized (Abernethy and Conner, 1992), and 
single nodal segments of 1.5 cm length were laid on shoot culture medium (see Section 3.2.5) 
supplemented with 0-160 nM chlorsulfuron. Cultures wen~ maintained as described in section 2.2.2. 
6.2.3. AHAS enzyme activity in the foliage of plants 
AHAS enzyme activity was assayed in the young foliage of greenhouse grown plants, according to the 
method reported by Singh et al. (1988) with minor modifications (see Section 4.2.4). Protein was 
assayed according to the method of Bradford (1976). 
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6.2.4. Chlorsulfuron application to greenhouse plants 
Glean (750 glkg chlorsulfuron) was sprayed at the recommended field rate of 15 g a.i./ha, using a 
CO2 pressurized sprayer, mounted with two teejet 8001 nozzles and with a delivery rate of 250 I/ha 
spray volume at 275 kPa, as described in section 5.2.3. 
6.2.5. Chlorophyll determination in chlorsulfuron treated plants 
Spray injury was measured by quantifying chloro'phyll A, chlorophyll Band carotenoids in the -
sprayed foliage as described in section 5.2.3, according to the method of Strickland and Parsons 
(1972). 
6.3. Results 
6.3.1. Selection, characterization and regeneration of chlorsulfuron-resistant plants 
From CRD 74 and Clone X, 24 and 33- rare cell colonies were recovered from selection medium 
respectively (Table 6.1). Each cell colony was characterized by dividing it into two equal portions; 
one half was cultured on non-selection medium and the other half on selection medium. Cell 
colonies which failed to grow on the selection medium . were considered as escapes through the 
initial selection and therefore discarded. The rest of the putatively resistant variants were maintained 
as callus and subcultured twice in non-selection medium, each for a period of 3 weeks. At the end 
of this subculture period, they were re-challenged with the herbicide to distinguish between the 
physiologically adapted, unstable variants and the stable herbicide-resistant variants. CRD 74, 
however, failed to give rise to any stable-resistant variants at the end of the characterization process. 
Of the 33 rare cell colonies isolated from Clone X, escapes and unstable variants accounted for 18 % 
and 67 % respectively. All five stable-resistant variants (15 %) produced plants via embryogenesis. 
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One of these stable-resistant variants (Clone X-24) was initially identified as a somatic embryo directly 
on the selection medium (Figure 6.1). Clone X-24 was the only stable-resistant variant with similar 
growth performance to the wild type, both under in vitro and greenhouse growing conditions. 
6.3.2. Expression of resistance in regenerated plants 
Expression of herbicide resistance in shoot cultures, derived from greenhouse grown wild type and 
resistant plants (Clone X-24) was compared in" vitro across a wide concentration range of 
chlorsulfuron. Similar growth performance of the wild type and the Clone X-24 was observed only 
up to 8 nM chlorsulfuon (Figure 6.2). In the wild type, severe chlorosis and slow growth were 
observed with further increases in herbicide concentration with no growth at 80 nM chlorsulfuron 
and above. Multiple shoots proliferated from the shoot segments of Clone X-24 up to 80 nM (Figure 
6.3). No signs of chlorosis were evident in Clone X-24 at 160 nM chlorsulfuron although the fresh 
weight of shoot segments was reduced (Figure 6.2). 
6.3.3. AHAS enzyme activity in greenhouse-grown plant material 
AHAS enzyme activity in the wild type ranged from 550-573 nmol acetoin/mg protein/h in the 
absence of herbicide, whereas in Clone X-24, it was slightly higher, ranging from 636-688 nmol 
acetoin/mg protein/h. In the presence of chlorsulfuron, AHAS activity was substantially higher for 
Clone X-24 than the wild type (Figure 6.4). At the highest chlorsulfuron concentration, tested (280 
nM) AHAS activity was substantially higher in Clone X-24 (78%) than the wild type (27 %) of their 
untreated control. 
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6.3.4. Chlorsulfuron application to greenhouse plants 
Responses of Clone X-24 and the wild type to post-emergence application of chlorsulfuron were 
studied in plants grown under greenhouse conditions. Young foliage started to turn pale yellow in 
the wild type plants ten days after herbicide application with drying of foliage being observed twenty 
days after herbicide application. In contrast, Clone X-24, did not show symptoms of chlorosis and 
the shoots continued to grow and develop new healthy foliage (Figure 6.5). Chlorophyll A, Band 
carotenoids were assessed in both wild type and Clone X-24 plants, before and twenty days after the 
application of chlorsulfuron. A significant reductioll of pigmentation was observed only in the wild 
type asparagus ferns compared to no change in Clone X-24 (Table 6.2). 
6.3.5. General growth performance and epicuticular wax deposits in the plants 
A general visual comparison of the growth performance and the morphological characteristics was 
made on the wild type plants and resistant Clone X-24 plants grown under greenhouse and tissue 
culture conditions without herbicide application. The epicuticular wax layer was quantified and the 
leaf surface was examined under scanning electron microscope as described in section 5.2.7. No 
differences were observed between plants of the wild type and Clone X-24 in any of the above 
comparisons. 
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Table 6.1. Summary of selection experiment in asparagus genotypes CRD 74 and Clone X. 
No. of inoculated Petri dishes 
No. of isolated cell colonies 
No. of escapes 
No. of unstable variants 
No. of stable-resistant variants 
Frequency of resistant cell colony 
formation (per million cells) 
.' 
CRD 74 
60 
24 
3 
21 
0 
0 
Genotype 
Clone X 
90 
33 
6 
22 
5 
0.13 
Each Petri dish was inoculated with 4 x lOs cells. Cells were grown in the medium containing 8 nM 
chlorsulfuron. Escapes and unstable variants were discarded. Stable-resistant variants were maintained in 
herbicide-free medium for the recovery of somatic embryos. 
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Table 6.2. Chlorophyll and carotenoid contents (mg!g) of the asparagus foliage before and 
after the application of chlorsulfuron. 
Plant genotype and pigments 
Clone X (wild type) 
Chlorophyll A 
Chlorophyll B 
Carotenoids 
Clone X-24 (resistant) 
Chlorophyll A 
Chlorophyll B 
Carotenoids 
Pigment content (mglg fresh weight) 
Before After 
4.64 ± 0.01 4.25 ± 0.Q1 
6.53 ± 0.02 5.61 ± 0.Q1 
2.15 ± 0.01 1.99 ± 0.02 
4.52 ± 0.03 4.59 ± 0.04 
6.36 ± 0.02 6.32 ± 0.03 
2.13 ± 0.04 2.06 ± 0.05 
t-test 
* 
*** 
* 
ns 
ns 
ns 
Chlorsulfuron was applied at the rate of 15 g a.i./ha. Samples were assessed for chlorophyll and 
carotenoid contents before and 20 days after herbicide application. Figures represent the mean value of 
five replicates ± SEM. * and ***represent a significant difference at the 5 % and 0.1 % probability levels as 
determined by a paired t-test(o.OS). ns - not significant. 
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Figure 6.1. A rare asparagus somatic embryo growing in selection 
medium containing 8 nM chlorsulfuron. 
Th e Pelri dish was seeded w ith 4x1 OJ rlsparrlglls ce lls. 
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Figure 6.2. 
40 80 160 
Chlorsulfuron concentration (nM) 
Dose response curve of shoot fresh weight for the 
wild type (e) and the chlorsulfuron-resistant Clone X-
24 (0) grown in vitro. 
Graphed points represent the mean of five replicates and 
vertical bars indicate ± SEM. 
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Figure 6.3. Asparagus shoot segments grown in vitro in the 
presence of 80 nM chlorsulfuron from the wild type 
(left) and Clone X-24 (right) after four weeks of 
incubation. 
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Figure 6.4. 
70 140 280 
Chlorsulfuron concentration (nM) 
AHAS enzyme activity in the wild type (e) and Clone X-
24 (0). 
Specific activities (nmol acetoin/h/mg protein) at each 
concentration were determined and expressed as per cent 
activity in the absence of chlorsulfuron. Graphed points 
represent the mean of five replicates and vertical bars indicate 
±SEM. 
99 
Figure 6.5. 
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Asparagus foliage of the wild type (left) and Clone X-
24 (righO, twenty days after chlorsulfuron application. 
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6.4. Discussion 
A cell culture system to recover chlorsulfuron resistance in asparagus has been developed for CRD 
168, a genotype that is highly amenable to cell culture (see Chapter III). The isolated variant (R-45) 
from this genotype was highly resistant to chlorsulfuron in cell culture and regenerated shoots due to 
the presence of an insensitive form of AHAS enzyme. However, R-45 was considered agronomically 
less adaptable due to very low epicuticular wax deposits and the poor horticultural performance of 
the parental genotype (CRD 168). In this chapter, somatic cell selection for chlorsulfuron resistance 
was attempted in two high yielding asparagus genotypes Clone X (Superclone) and CRD 74 (female 
parent of Taramea, a hybrid cultivar). The approach was successful in producing chlorsulfuron-
resistant plants of Clone X. Although, rare cell colonies were isolated from CRD 74, all proved to be 
either escapes or unstable variants. This may have been due to lower sensitivity of CRD 74 to the 
selection pressure, compared to the asparagus genotypes CRD 168 and Clone X. Plants were 
regenerated from stable-resistant variants of Clone X and resistance was expressed at whole plant 
level. 
Spontaneous genomic rearrangements due to prolonged maintenance of cell culture, before the 
initiation of cell selection, is important in recovering novel mutants. However, a desirable balance 
needs to be achieved between this requirement and reducing the time from initiation of cell 
selection up to plant regeneration, in order to avoid further undesirable changes in the genome. In 
this study, one of the resistant variants, Clone X-24 was isolated as a somatic embryo during cell 
selection (Figure 6.1). Callus produced at the base of this embryo was sufficient to allow 
characterization as performed for the other chlorsulfuron-resistant variants. In the event of the 
isolation of resistant cells as rare cell colonies, embryos can form either spontaneously or they can be 
induced using a specific medium, then regenerated into plants during the process of characterization. 
This early production of embryo will reduce the culture maintenance time in vitro which is important 
because chromosomal aberrations and changes in ploidy levels frequently occur in cells and tissues 
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maintained in vitro for long periods. Such changes may reduce regenerative capacity of the cultured 
cells (Sunderland, 1973; Chaleff, 1983). Both the tissue culture and greenhouse growth performance 
of Clone X-24, selected as an embryo directly on the selection medium, were as good as the parent 
Superclone. 
Isolation of herbicide-resistant mutants can be achieved using direct or step-wise cell selection, with 
the latter requiring a considerably longer period. Direct, single step selection is considered more 
likely to yield genetic variation than step-wise, gradual adaptation to a selection agent (Meins, 1983). 
In this study, direct cell selection in Clone X yielded chlorsulfuron-resistant variants with a frequency 
of 0.13 x 10.6 (Table 6.1). From the previous study, variation involved in the frequency of producing 
resistant-variants in asparagus genotype CRD 168 was 0.86 x 10.6 (see Table 3.2). These results are 
promising as frequencies lower than 10.6 are more likely to result in the desirable outcome of a 
mono-gene dominant resistant mutation in cells, seed or protoplasts (Landstein et al., 1990; Sarri and 
Maxwell, 1997). 
In addition to lack of optimum cell culture conditions for cell selection, lack of plant regeneration 
and poor whole plant level expression of the trait can greatly limit the success of somatic cell 
selection for desirable traits (Conner and Meredith, 1989). The development of stringent cell culture 
conditions, establishment of the required selection pressure and the appropriate selection and 
characterization process for asparagus genotype CRD 168, 'described in chapter III, greatly influenced 
the isolation of chlorsulfuron-resistant plants from an elite genotype, Clone X. Soon after the 
establishment of asparagus plants in the greenhouse, single nodal segments were inoculated onto 
culture medium with increasing concentration of chlorsulfuron. This established that herbicide 
resistance was expressed at the whole plant level and also determined the degree of resistance in 
Clone X-24 in comparison to the wild type. Wi,ld type shoot segments showed a complete growth 
inhibition in the presence of 80 nM chlorsulfuron and above, whereas Clone X-24 even produced 
multiple shoots at 80 nM concentration and a single shoot at 160 nM, which was reflected in the 
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fresh weight of the shoot at the end of 4 weeks (Figure 6.3). The shoot segments of Clone X-24 used 
in this study, produced healthy callus at the cut end of the shoot segments which showed that this 
secondary callus of Clone X-24 was resistant even at the highest tested concentration of 160 nM 
chlorsulfuron. 
Sulfonylurea herbicides inhibit the AHAS enzyme (Falco and Dumas, 1985) which catalyses an 
important step toward the biosynthesis of branched-chain amino acids (Chaleff and Mauvais, 1984). 
Selection for resistance to sulfonylureas has been attributed to mutations resulting in an insensitive 
form of the AHAS molecule (Chaleff and Mauvais,"1984; Mazur and Falco, 1989). AHAS enzyme-
activity was assayed both in Clone X-24 and the wild type asparagus. An uninhibited AHAS enzyme 
activity from Clone X-24 was observed at 14-70 nM chlorsulfuron with a slight reduction in activity at 
140-280 nM chlorsulfuron. In contrast, the wild type showed a substantial reduction in the enzyme 
activity as low as at 14 nM chlorsulfuron (Figure 6.4). These observations suggest the presence of an 
insensitive form of AHAS enzyme in the resistant plants as a result of point mutation(s) in the AHAS 
gene as observed in the other plants developed for chlorsulfuron resistance. 
Asparagus is sensitive to chlorsulfuron. Cells in culture rapidly turn brown and fail to grow and 
develop. Whole plants exhibit chlorotic symptoms upon chlorsulfuron application. Young foliage 
tips started yellowing about ten days after the application of chlorsulfuron (15 g a.i./ha - usual field 
use rate) in the greenhouse grown plants. Assessing the pigment content was a useful approach to 
quantify the chlorotic damage in the wild type foliage after the herbicide spray (Table 6.2). Growing 
shoot tips and buds appeared more sensitive to chlorsulfuron in wild type plants (Figure 6.5). When 
the same rate of chlorsulfuron was applied to Clone X-24, none of these symptoms were observed 
(Table 6.2 and Figure 6.5), and no growth inhibition was apparent. These results show a high degree 
of resistance to chlorsulfuron at the whole plant level. They also demonstrate that the usual field use 
rate of chlorsulfuron can be applied safely to these resistant plants, developed via direct cell selection 
in an elite asparagus genotype. 
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CHAPTER VII 
General discussion and conclusion 
7.1 General discussion 
This research focused on the development of chlorsulfuron-resistant asparagus via somatic cell 
selection. In vitro tissue and cell cultures are often used as the initial plant material for plant selection 
to benefit from somaclonal variation for the recov.ery of useful mutants. An asparagus genotype, 
which was amenable to cell culture, was used as a model genotype to investigate the possibility of 
using a direct cell selection method for the isolation and regeneration of chlorsulfuron-resistant 
mutants. 
The utilization of somatic cell selection to generate herbicide-resistant crops is hampered in many 
crops, because in vitro culture and selection systems can vary greatly from one species to another. 
The choice of initial plant material for somatic cell selection is usually based on several factors 
including method and aim of the selection (Evans et a/., 1983; Flick, 1983; Evans and Sharp, 1986). 
In this study, in vitro cell culture methodology was carefully developed because the full potential of a 
cell selection scheme has not been developed previously in asparagus Uullian, 1985). A number of 
features of the initial plant material and culture conditions are crucial for the success of in vitro cell 
selection in many crops. This laid the basis for the experiments designed for Chapter II, to address 
and optimize important aspects of in vitro plant material and culture conditions to aid the subsequent 
cell selection for the isolation of chlorsulfuron-resistant plants in asparagus. The growth stage at 
which the callus (8-10 days after inoculation) (Figure 2.1) and the cell suspension culture (10 days 
after inoculation) (Figure 2.2) was initially determined, provided consistent and repeatable 
experiments. Friable, soft-textured callus, from dark grown etiolated shoot segments served as an 
excellent source of plant material to establish single cell suspension cultures with high cell density 
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(Figure 2.2l. Unexpectedly, callus initiated from etiolated shoots also produced about double the 
callus fresh weight compared to the commonly used green shoot segments in asparagus (Table 2.1). 
Plated cell suspension cultures from friable callus offer single cells or small cell aggregates which 
improve the plating efficiency for cell selection. Although the use of filter paper prevented the excess 
moisture formation on the surface of the agar medium, a compromise was required to reduce the 
dryness by plating 2 ml of cell suspension (at half the density of celis/mil instead of 1 ml. The plating 
of wild type asparagus cells for cell selection experiments was straightforward. It required no 'nurse' 
or feeder cells to support cell growth, which would have required optimization of related factors and 
imposed a dilution effect on the selection agent. A possible reason for this may have been the cell 
density (4x105 cells/Petri dishl used in these experiments, which may have permitted sustained cell 
division and colony formation without the help of the feeder cells. This is in agreement with Street 
(1973) who reported that in the event of cell cultures from higher plants, a critical cell density range 
between 104-106 cells/ml is necessary for cell conditioning effects. 
Based on the results of Chapter II, an efficient somatic cell selection system was established (Chapter 
III). Vital steps in the cell selection protocol involved: the determination of the lowest selection 
pressure that completely inhibited the wild type asparagus cells; the characterization of stable-
resistant variants from escapes and unstable variants; and finally the testing of regenerated asparagus 
plants. Toxicity of herbicides, especially a sulfonylurea herbicide like chlorsulfuron, which interferes 
with the basic metabolic activity at cellular level, can be expected to inhibit the growth of cultured 
asparagus cells at a defined concentration. The toxic concentration of 8 nM chlorsulfuron not only 
discriminated the wild type asparagus cells effectively, but also induced visible signs of growth 
inhibition and cell browning within a few days of exposure. The need to use different concentrations 
of herbicide to inhibit a range of plant materials and crop species is discussed with examples in 
Chapter III. 
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Supplementing the culture medium with branched-chain amino acids alleviated the toxic effects of 
the herbicide to asparagus cells (Table 3.1) and provided a quick, convenient check to confirm that 
chlorsulfuron targeted the same biochemical target as in other plants. Characterization of putative-
resistant variants to identify the stable-resistant variants from escapes and unstable variants is also 
important. High proportion of unstable variants is not unexpected in large-scale cell selection 
experiment (Conner, 1986). In this study, unstable variants accounted for 60 % of the initially 
selected chlorsulfuron-resistant variants, whereas only 26 % were stable, with the remainder being 
escapes (Table 3.2). The frequency of the formation of stable-resistant variants in cell selection 
experiments varies greatly due to several factors, including the selection strategy, the source of 
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explants, the use of mutagens and the plant species used. In asparagus, the frequency of resistant cell 
colony formation varied from 0.2-1.38 per million cells (Table 3.2). The differences observed in the 
frequency of recovery cannot be related to the number of inoculated Petri dishes, isolated cell 
colonies, escapes or unstable variants was found. In a perennial crop like asparagus, where 
regeneration of whole plants from cell cultures is usually a delayed or hindered process (Curtiss et al., 
1987), regenerated plants cannot be expected from all the selected variants. Nevertheless, plants 
were regenerated from about 80 % of the stable-resistant variants mostly via somatic embryogenesis. 
The testing of secondary callus, initiated from shoot segments of in vitro plants, served as an initial 
indication of the trait being expressed through a developmental cycle of differentiation and 
dedifferentiation. Three of the recovered resistant variants appeared to have lost their resistance to 
chlorsulfuron in secondary callus. This is probably an epigenetic event due to an altered level of gene 
expression that was not maintained in the callus derived from the regenerated plants. Morphological 
abnormalities were widely seen among the regenerated plants. One of the possible reasons for this 
drawback would have been the prolonged maintenance of resistant variants in callus culture during 
the time of characterization. This extended time in culture became an important consideration 
during the subsequent selection experiment with elite asparagus genotypes in Chapter VI. Plants 
regenerated from only one chlorsulfuron-resistant variant, R-45, exhibited similar growth performance 
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and appearance to the wild type. A range of plant tissues from the wild type and R-45 were 
compared for their growth performance in the presence of chlorsulfuron (Table 3.3). However, more 
definite evidence of resistance to the herbicide was apparent only after shoot segments were re-
cultured from greenhouse-grown plants which established that the growth of R-45 shoots was 
significantly higher than the wild type across the entire tested range of chlorsulfuron concentrations 
(Figure 3.3). 
Based on the results of Chapter III, further investigations on selected stable chlorsulfuron-resistant 
variants offered information on the level of resistan!;=e and possible mechanism(s) of resistance in six 
.' 
resistant variants (Chapter IV). Use of callus and suspension cultures to study herbicide phytotoxicity 
has received considerable attention as an effective experimental system, especially for sulfonylurea 
herbicides (Chaleff and Ray, 1984; Chaleff, 1986; Mersie and Foy, 1987). The higher callus growth 
performances of these resistant variants compared to the wild type in the absence of herbicide(s) 
created ambiguity over the possible mechanism of resistance, until the differential sensitivity of AHAS 
enzyme activity to chlorsulfuron was observed between the resistant variants and the wild type. 
Compared to the wild type callus the resistant variants maintained high AHAS enzyme activity in the 
presence of chlorsulfuron (Figures 4.3 and 4.4). This revealed that an insensitive form of AHAS 
enzyme was the basis of resistance to chlorsulfuron in all six variants. The differential sensitivity 
observed in the six variants to chlorsulfuron (Figure 4.1) suggested the possibility of mutations either 
occurring in different AHAS loci and/or in different positions of the AHAS molecule. Similarly, 
distinct binding domains of different AHAS inhibiting herbicides to the AHAS enzyme due to different 
mutations can account for lack of cross-resistance to imazamox (Figure 4.2a) and metsulfuron methyl 
(Figure 4.2b). 
Cultured cells and whole plants represent different developmental stages, which are characterized by 
distinct patterns of gene expression. Although there are many genes that are expressed in both cell 
cultures and plants, there are undoubtedly many others whose expression is restricted to one state or 
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another. An effort was therefore, made to understand the basis of resistance and the growth 
performance of the chlorsulfuron-resistant plants in comparison with the wild type plants grown 
under greenhouse conditions (Chapter V). A straightforward method to examine herbicide resistance 
is to study the effects of the application of herbicide to whole plants. Unexpectedly, both the wild 
type and the resistant plants showed similar and typical chlorotic symptoms following a foliar 
application of chlorsulfuron (Table 5.1). Tissue cultured plants were well suited experimental 
material to study the physiological basis of the differential response to chlorsulfuron in asparagus as 
they were uniform, convenient and cost effective to apply radiolabelled herbicides. No differences 
were found in translocation, distribution and metabolism of chlorsulfuron in the wild type and R-45 
.' 
(Table 5.2, Figure 5.3). However, the substantially greater retention and absorption of chlorsulfuron 
in R-45 offered possible explanation for the unexpectedly high sensitivity observed to chlorsulfuron 
upon spray application at the whole plant level (Figure 5.2, Table 5.3). The whole plant sensitivity of 
R-45 to chlorsulfuron also appeared to contradict the high activity in the presence of chlorsulfuron of 
the AHAS enzyme extracted from the foliage (Figure 5.1). Investigations therefore examined the 
factors that may account for the high retention of chlorsulfuron. Micrographs of the epicuticular wax 
deposits on the leaf surfaces of R-45, compared with the wild type (Figure 5.5) gave the first lead. 
The amount of the epicuticular wax on the leaf surface was then quantified and confirmed 
significantly lower wax deposits on R-45. This reduced epicuticular wax provides an explanation for 
the higher chlorsulfuron uptake and retention by the R-45 variant. This is presumed to result in the 
sensitivity to chlorsulfuron, despite the presence of a chlorsulfuron-insensitive form of the AHAS 
enzyme in the foliage. It was hypothesized that the altered wax deposition resulted from an 
unselected somaclonal event during the cell selection phase, which arose independently of the 
altered AHAS property. 
The final objective of this thesis was to assess the suitability of the somatic cell selection system 
developed for a model asparagus genotype in two other elite asparagus genotypes (Chapter VI). One 
of the two genotypes, CRD 74, failed to yield stable-resistant variants. This failure may have been 
108 
due to the toxic concentration (8 nM) used in this investigation being lower than what is required for 
an effective discrimination of the wild type and resistant cells for CRD 74. If the chosen toxic 
concentration (8 nM) is the sole reason for the absence of resistant variants, then the selective 
concentration needs to be adjusted accordingly for the genotype used. Another possible reason 
could have been that the frequency of occurrence of the desired trait in the cell population of that 
particular genotype. In case of low frequency, a large-scale selection and/or the use of mutagens is a 
feasible way of overcoming this potential problem in somatic cell selection. 
Despite the failure to recover stable chlorsulfuron-r~sistant variants in CRD 74, success was achieved 
in another elite genotype, Clone X. Among the 33 cell colonies isolated,S stable resistant variants, 
22 unstable resistant variants and 6 escapes were characterized. Clone X-24, produced plants in a 
comparatively short period of time compared with all the other resistant variants. Under greenhouse 
conditions, plants from this variant showed no symptoms of chlorosis after the foliar application of the 
commercial form ofchlorsulfuron (Glean), compared to severe chlorosis in the wild type plants. An 
important consideration that became apparent in Chapter III was the prolonged maintenance of 
resistant variants in vitro before plant regeneration. After the isolation of putative cell colonies from 
the elite genotypes, embryogenic callus was used to immediately regenerate plants from most of the 
resistant variants. During the process of characterization, escapes and unstable variants were later 
discarded along with their plant regenerating tissue or plants. This halved the time period required to 
regenerate plants compared to the characterization and regeneration approach used in Chapter III. 
Although this approach required more effort to maintain and record all the variants and their derived 
regenerating plants, the recovery of phenotypically normal variant plants was greatly enhanced by 
immediately inducing plant regeneration. Interestingly, the most useful chlorsulfuron-resistant variant 
recovered, Clone X-24, was isolated as a single embryo directly on the initial selection medium. 
Intentional use of this approach could be a convenient and reliable strategy to develop herbicide-
resistant plants in the future. 
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7.2. Avenues for future research 
Several features of the isolated chlorsufuron-resistant variants, R-45 and Clone X-24, suggest that they 
possess a mutational origin for herbicide resistance. 
• The frequencies at which the variants were isolated, fall into the range previously observed to 
yield dominant mutations in several crops (Haughn and Somerville, 1987; Stannard, 1987; 
Harms and DiMaio, 1991). 
• The stability of chlorsulfuron resistance is retained in cell culture after an extended period of -
growth in the absence of chlorsulfuron. 
• The continued stability of this resistance through developmental cycles of differentiation and 
dedifferentiation. 
• The expression of herbicide-resistant trait at whole plant level. 
• The possession of an insensitive form of AHAS enzyme in both callus and whole plant foliage. 
However, definite proof of a mutational origin requires the result of inheritance studies and/or 
genetic analysiS. Therefore, the subsequent step for research on these plants would be to establish 
the transmission of chlorsulfuron resistance to sexual progeny. Essentially, R-45 (female) and Clone 
X-24 (male) need to be hybridized with wild type male and female plants respectively. The expected 
segregation results for a mutational event to chlorsulfuron resistance depends on the number of genes 
involved and the state of dominance of the trait. If the genetic alteration is a single mutation at an 
AHAS locus, with R-45 and Clone X-24 being heterozygous for a dominant resistant allele, a 1:1 
segregation ratio of chlorsulfuron sensitive: resistant seedlings would be expected. This outcrossing of 
resistant lines to the wild type plants can be compared to a testcross. 
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Further evidence for a mutational event would be the gene sequence analysis of R-45 and Clone X-
24 variants. The simplest approach to achieve this would involve the following. 
• PCR analysis of the asparagus AHAS gene using primers designed from the known sequence of 
AHAS gene from other plants (Lee et al., 1988; Wiersma et al., 1989; Sathasivan et al., 1990). 
• Use of high fidelity Taq polymerase (e.g. Pwo Taq polymerase) to amplify asparagus AHAS 
sequences 
• Cloning AHAS gene encoding for chlorsulfuron resistance 
• DNA sequencing of the AHAS resistant gene. Sequencing the region(s), previously observed with 
mutation(s) would be a possible measure for the. rapid identification of the altered locus . 
. , 
• Compare the identified regions with the wild type AHAS gene. 
However, consideration need to be place on several important factors including the sequencing of 
correct allele from a heterozygous plant and the possibility of multiple AHAS loci in the genome. 
A further step to reveal the absolute proof for the genetic basis of resistance would be the isolation of 
chlorsulfuron-resistant plants via transformation of the resistant gene back into a wild type asparagus 
plant or a model plant such as tobacco. 
Once the mutational basis for R-45 and Clone X-24 is established, the genetic analysis could be 
pursued further by determining the following: 
• The evaluation of mutational basis and inheritance of the wax deficiency in R-45. 
• On the assumption of independent segregation of the wax phenotype and chlorsulfuron 
resistance, a chlorsulfuron-resistant plant with normal epicuticular wax development could be 
expected and recovered. 
• Hybridization of the female R-45 and male Clone X-24 and the evaluation of segregation analysis 
for resistance. A mutation at the same AHAS locus would yield one fourth of the progeny to be 
sensitive. Alternatively, if the mutations are in different AHAS genes at different loci, a 15:1 
chlorsulfuron resistance: sensitivity segregation would be expected. 
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This could be followed by field evaluation trials on chlorsulfuron-resistant lines for their yield 
performance, harvested spear quality, degree of field resistance to chlorsulfuron and cross resistance 
to other sulfonylurea and AHAS inhibiting herbicides. Upon collecting this information, a precise 
strategy can be developed for the incorporation of chlorsulfuron-resistant asparagus into an integrated 
weed management plan. 
Another potential area of research on chlorsulfuron-resistant asparagus would be the control of root 
diseases caused by fungi. As chlorsulfuron resistanc«;! is due to the mutation in altered target site, the 
" 
accumulated herbicide in plant tissue may remain active to offer sufficient disease control. This 
phenomenon was observed in transgenic, chlorsulfuron-resistant potato plants to control powdery 
scab diseases (Conner et al., 1998) 
7.3 Contribution of this thesis to plant cell genetics 
The research in this thesis has made a number of significant findings in asparagus that contribute to 
an improved understanding of somatic cell genetics in general. 
• The importance of carefully defining cell culture conditions, establishing the required selection 
pressure and developing an appropriate selection system to permit reproducibility of experiments 
and develop effective cell selection for the chosen plant species. 
• The value of large-scale cell selection and characteriiation to recover the desired variants in vitro. 
• The importance of a rapid cycle for cell culture initiation, cell selection and regeneration of plants 
from resistant variants to recover the desirable variant with minimal negative physiological 
disorders or heritable changes. 
• The demonstration of successful somatic cell selection in a perennial crop. 
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7.4 Contribution of this thesis to asparagus improvement 
Somatic cell selection offers a convenient method to isolate herbicide resistance in asparagus and will 
remain as an integral part of the strategies employed to generate and develop mutants with desirable 
agronomic traits for asparagus improvement. More specifically this thesis developed mutants that will 
serve as a valuable germ plasm for the breeding of new asparagus cultivars with herbicide resistance. 
Such cultivars will provide new opportunities for asparagus production. Currently, chemical control of 
weeds is practiced virtually in all asparagus fields. Herbicide resistant asparagus therefore, will have no 
significant effect on the overall percentage of land ar,ea treated with herbicide. The routine spray of a 
pre-emergent herbicide, applied without assessing the degree of weed infestation could be replaced by 
chlorsulfuron, a post-emergent herbicide, by applications only when they are required on a known 
weed population. Herbicide resistance will also provide a criterion of varietal distinctness when 
releasing a new cultivar. 
Crops originating via cell selection are not considered genetically transformed plants. Therefore, 
chlorsulfuron-resistant asparagus developed by somatic cell selection overcomes the regulatory 
constraints for field testing of transgenic plants. Nevertheless, the cloning of a mutant AHAS gene 
from the chlorsulfuron-resistant variants will provide an excellent selectable marker gene for 
asparagus transformation, especially when coupled with the selection strategies developed in this 
thesis. 
7.5. Conclusion 
The major goal of this research was to establish an efficient cell selection system for the isolation of 
chlorsulfuron resistance in asparagus. The recovery of R-45 and Clone X-24 clearly establish the 
achievement of this goal. 
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Appendix 4.1. 
Formulations of extraction buffer solution used for AHAS enzyme assay 
Basic stock solution (pH 7.5) 
KH 2P04 
MgCI2 
Glycerol 
Reagents added just before use 
Sodium pyruvate 
100 mM 
5 mM 
10% by volume 
10 mM 
Ethylenedinitrilo tetraacetic acid 5 mM 
Flavin adenine dinucleotide 
L-valine 
L-Ieucine 
Cysteine HCI 
100 mM 
1 mm 
1 nM 
10 mM 
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Appendix 4.2. 
Standard curve for AHAS enzyme assay. 
(Graphed points are the mean of ten absorbance measurements) 
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Appendix 5.1. 
Composition of soil mix for transplantation of asparagus tissue culture plants (After Abernethy 
and Conner, 1992). 
Base mixture 
Peat 
Sand 
Supplements (kglm3) 
Dolomite lime 
Superphosphate 
Calcium nitrate 
3 parts 
1 part 
Osmocote® (14-6.1-11 .6; 3 -4 months) (Sierra) 
Fetrilon® Combi 1 (BASF) 
Micromax™ (Sierra) 
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4.80 
1.00 
0.09 
2.50 
0.04 
0.75 
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Appendix 5.2. 
Bray's scintillation cocktail (After Chapman and Ayrey, 1981) 
PPO 20 g 
POPOP 1 g 
Naphthalene 300 g 
.4._._._._._,,_ 
Ethylene glycol 100 ml 
Methanol 500 ml 
Make up to 5 I with 1,4-Dioxan 
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Appendix 5.3. 
Standard curve for determining chlorsulfuron retention on the foliage. 
(Each data point is a mean of three replicates). 
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